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ABSTRACT 
Using the Durham spectrograph, muon electromagnetic i n t e r a c t -
ions have been studied both t h e o r e t i c a l l y and experimentally. 
The current best theoretical cross-sections for muon in t e r a c t -
ion processes i n i r o n have been numerically calculated and tabulated. 
The muon burst p r o b a b i l i t i e s and spectra have been determined for 
-2 
a 1000 gm cm i r o n absorber. 
Experimentally the study has been divided into two aspects of 
muon interactions. . F i r s t l y , a study using three d i f f e r e n t analysis 
techniques has been done to determine i f positive or negative muons 
interact abnormally. No observable interaction charge asymmetry 
has been observed, the overall interaction charge r a t i o f o r bursts 
of > 2 particles being 1.020 ± 0.032. Secondly, a study has been 
done to determine the d i f f e r e n t i a l muon burst spectra i n a thick 
ir o n absorber over various muon energy ranges. A comparison has 
been made between the theoretical and experimental spectra. Over 
a l l energy ranges of t h i s experiment (7 GeV to 1 TeV incident muon 
energy) no deviation has been observed between the two sets of 
spectra. 
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The work presented i n t h i s thesis represents work carried 
out during the period 1971 to 1974 while the author was a research 
student under the supervision of Dr. M. G. Thompson i n the Cosmic 
Ray Group of the Department of Physics at the University of Durham. 
When the author joined the group i n 1971 the MARS spectro-
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running and maintenance of the apparatus. The author also designed 
and b u i l t various electronic equipment for the spectrograph and 
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The objective of science, and p a r t i c u l a r l y of Physics, i s to. 
seek explanations and understanding of the actions, motions and 
i ' 
structures i n the Universe and to learn how these f i t into the fabric 
of l o g i c a l l y consistent theories. From very early times, Man, 
being aware that he i s separate from his environment, has sought 
knowledge i n an e f f o r t to control or to successfully predict the 
events occurring around him. Early i n history Man showed interest 
i n the origins ,of the world, the nature of the Heavens, and the 
elemental make-up of physical objects. Of course, most of the 
early explanations and theories lay i n the superstitious and the 
supernatural. 
Before Man could obtain the i n t e l l e c t u a l and technological 
tools needed to. study the extreme l i m i t s of space-time and to 
produce more than s u p e r f i c i a l explanations, i t was necessary for 
men l i k e Newton, Maxwell and others to develop a workable set of 
theories to explain the basic interactions i n the classical universe. 
With an understanding of e l e c t r i c i t y , magnetism, and the motion of 
bodies, men began to search for the basic units of matter and for 
the forces that bind the Universe. L i t t l e did they know that to 
obtain an understanding of the atomic nucleus and a l l the associated 
sub-atomic p a r t i c l e s , men would eventually look to the stars to seek 
18 20 
the sources of extremely energetic (10 -10 eV) particles and, i n 
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turn , would use these p a r t i c l e s as messengers bringing information 
from the distant parts of the Universe. 
I n August 1'912, Victor Hess, a German physicist, conducted an 
experiment during a balloon f l i g h t to determine i f the radiation 
present at ground l e v e l decreased with increasing a l t i t u d e . I n i t -
i a l l y as he ascended the radiation did decrease; however, above 
altitudes of 700 m the radiation began to increase. At the f l i g h t ' s 
apogee (5000 m) the radiation present was four times the inte n s i t y 
at ground l e v e l . I n the report of the experiment (Hess 1912), 
Hess concluded, *The results of my observations are best explained 
by the assumption that a radiation of very great penetrating power 
^enters our atmosphere from above.* This penetrating radiation has 
become known as 'cosmic radiation'. 
O r i g i n a l l y cosmic rays were assumed to consist of Y-radiation 
because of t h e i r penetrating a b i l i t y . ' Clay (1927) found a varia-
t i o n i n i n t e n s i t y w i t h geomagnetic lat i t u d e (the l a t i t u d e effect) 
and Bothe and Kolhorster (1929) interpreted t h i s effect i n terms 
of the Earth's magnetic f i e l d to prove the existence of charged 
part i c l e s above the atmosphere. They also did experiments with 
various configurations of Geiger-Muller tubes to show the existence 
of charged p a r t i c l e s at ground l e v e l . Johnson and Street (1933) 
discovered that the i n t e n s i t i e s from the eastward and westward d i r e c t -
ions were not equal (the East-West effe c t ) showing not only that 
cosmic rays are charged but that there i s a majority of po s i t i v e l y 
charged p a r t i c l e s . 
With the discovery of the positron (Anderson 1932) i t became 
possible to explain cosmic rays i n terms of positive and negative 
electrons. The theories of energy loss by electrons were seriously 
questioned when i t was found that cosmic radiation could be divided 
i n t o soft and hard components by using a 15 cm lead absorber (Rossi 
1934, Auger and Ehrenfest 1934, Street e t ' a l . 1935). Bhabha (1938), 
i n an e f f o r t to keep the energy loss theories, hypothesized the 
existence of,'heavy electrons' which would be both p o s i t i v e l y and 
I • 
negatively charged and have a mass intermediate between that of an 
electron and a proton. 
Street and Stevenson (1937) and Anderson and Neddermeyer (1938) 
established the existence of a p a r t i c l e with a mass of about 200 
electron masses. Originally named 'mu-meson't they are now called 
'muons'. Unfortunately, due to i t s time of discovery, the muon 
was confused with the predicted quantum of the nuclear force (Yukawa 
,1935). I t soon became apparent that the muon did not interact 
strongly w i t h other nuclear active particles as was expected. I n 
1947, Lattes, Muirhead, Oecialini and Powell discovered the pi-meson 
(pion) which was found to decay int o a muon and interacted strongly. 
The pion since has become i d e n t i f i e d as the Yukawa p a r t i c l e . 
« 
1.2 DISCUSSION OF THE COMPONENTS OF COSMIC RADIATION 
Cosmic ray research can be divided into the study of primary 
cosmic rays, those incident at the top of the atmosphere, and the 
study of secondary cosmic rays, those seen i n the atmosphere, at 
ground l e v e l , and underground. Primary cosmic rays have been 
studied by the use of balloons, s a t e l l i t e s and even manned space 
f l i g h t s . I t has been found that these primaries consist mainly 
of protons (88%) and helium nuclei (11%), with a few heavier ele-
ments ( 1 % ) . There are also some electrons, photons, and very l i k e l y 
large fluxes of neutrinos. A look at the abundances of elements 
i n the Universe shows that there i s an excess of l i g h t nuclei incident 
- 4 -
on the atmosphere. This i s believed to be due to fragmentation of 
heavier elements as they pass through the small quantities of matter 
-2 
i n space 4 g cm ) . 
Greisen (1965) produced an i n t e g r a l i n t e n s i t y spectrum for prim-
15 
ary cosmic rays. Up to an energy of about 3 x 10 eV his spectrum 
15 
has a slope of -1.6. At 3 x 10 eV the slope changes dramatic-
a l l y to ^ -2.2. This change i n slope i s believed to be due to the 
i n a b i l i t y of the galactic magnetic f i e l d s to contain the particles 
18 
as t h e i r r i g i d i t y i s exceeded. At about 3 x 10 eV the slope 
again f l a t t e n s to f-1.6 due to an expected extra-galactic source. 
Greisen (1966) predicted a sharp cut-off in the spectrum at about 
20 
10 eV due to the discovery of 2.7 K black body radiation i n space 
(Roll and Wilkenson 1967) and the resultant expected photo-meson 
interactions. 
Primary cosmic rays suffer a series of nuclear c o l l i s i o n s with 
a i r nuclei, as they pass through the atmosphere, resu l t i n g i n a 
cascade of secondary par t i c l e s known as extensive a i r showers (EAS). 
The mean depth of the f i r s t i n teraction of protons i s about 18 km 
-2 
above the earth, the proton in t e r a c t i o n length being 80 g cm . 
.In each c o l l i s i o n the proton loses about 50% of i t s energy to the 
productions of charged and uncharged pions, w i t h a small proportion 
of kaons and hyperons also being produced. The three charged states 
of pions are produced i n almost equal quantities, but because of 
the d i f f e r e n t modes of decay of the charged and uncharged pions respect-
i v e l y d i f f e r e n t aspects of the EAS develop. . Uncharged pions can 
—16 
decay electromagnetically and therefore do so quickly (y 10 s) int o 
two photons. These photons soon produce a p a i r of electrons (pair 
production) which produce more photons (bremsstrahlung) and a photon-
electron cascade develops. The growth of the cascade i s almost 
- 5 -
exponential (Heitler 1948) u n t i l the average electron energy i s less 
than the c r i t i c a l energy of the material (84 MeV i n a i r ) . The 
c r i t i c a l energy has been defined as the energy at which^energy loss 
by ionization i s equal to that «3 bremsstrahlung. Beyond t h i s point 
the shower slowly decreases i n size because of the absorption of 
electrons. 
_g 
Charged pions either undergo weak decay (2.6 x 10 s) into muons 
and neutrinos or they undergo further nuclear interactions producing 
more charged and uncharged pions. The muons which are produced and 
which constitute the most common single p a r t i c l e observed at sea 
levels w i l l either decay (2.2 x 10 s) i f they are of very low energy 
i i n t o an electron and neutrinos, or i f they have an energy above a 
few GeV, w i l l survive to be observed at the surface of the earth. 
Extensive a i r showers from primaries of energies greater than 
13 
5 x 10 eV w i l l not be completely absorbed by the atmosphere and 
can be observed at sea l e v e l . Very energetic EAS may spread over 
several square kilometres. The study of EAS produces information 
about nuclear interactions occurring at energies many orders of 
magnitudes higher than man-made accelerators can a t t a i n . 
I f the observer i s s u f f i c i e n t l y far away from the shower core 
or i f the electron-photon component has died away, i t i s possible 
to study individual p a r t i c l e s , usually muons because of the i r abundance. 
Three aspects of muon physics are generally studied. Two of these 
are the muon momentum spectrum and the muon charge r a t i o . The study 
of these, l i k e that of EAS, provides information about the parent 
pa r t i c l e s and i n turn about the nuclear interaction which produced 
these p a r t i c l e s . The t h i r d aspect i s to study how the muon interacts 
with matter. The study of muon interactions i s essential to the 
understanding of what the muon i s , where i t f i t s . i n t o the classes of 
particles and whether i t obeys quantum electrodynamics (QED) as i t 
i s presently understood. 
The study of muon interactions i s not a new subject but a controv-
e r s i a l one. Several previous experiments have been performed to 
compare the t h e o r e t i c a l l y expected cross-sections of the i n t e r a c t -
ion processes with the measured ones. Some of these experiments 
have yielded s i g n i f i c a n t deviations from theory. Other experiment-
ers have looked at the cross-sections of positive and negative muons 
separately w i t h the resul t that some of these experiments have 
appeared to show that positive muons interact more readily than 
negative muons. : I f t h i s i s true-j theories of mupn physics and/or 
QED are i n serious trouble. The experiment reported here has been 
done i n an e f f o r t to determine whether or not the apparent anomalies 
exist. The next section w i l l present a summary of previous i n t e r -
action experiments. The l a s t section of t h i s chapter w i l l discuss 
the objective of t h i s experiment and experimental report. 
1.3 THE RESULTS OF PREVIOUS MUON INTERACTION EXPERIMENTS 
J.3.7 WTR0VUCT10N 
This section w i l l present b r i e f l y the result of previous 
interaction experiments, both from cosmic ray muons and accelerator 
muons. I t i s essential before embarking on an interaction experiment 
such as the one; presented here to know the results of past experiments 
to j u s t i f y the experiment being done and to know what the purpose of 
the experiment should be. 
The experiments from which the results presented i n th i s section 
are obtained w i l l not be described i n any d e t a i l , i f at a l l . Discussion 
- 7 -
and comparison of the previous results and the present results i s 
presented i n Chapter 5 (The Interaction Charge Asymmetry) and 
Chapter 7 (The Experimental Burst Spectrum). The previous results 
presented here are from comprehensive surveys compiled by Allkofer 
et a l . (1971) and Grupen (1974). 
1.3.2 PREVIOUS INTERACTION ASMME7W RESULTS 
Neddermeyer et a l . (1961), while using cloud chambers to , 
study muon knock-on electron production, found an excess of events 
^ 1 GeV energy transfer from muons of energy 5-50 GeV. They also 
examined the data with respect to the charge of the interacting 
muon.and found an apparent interaction asymmetry which showed that 
positive muons interact more readily than negative muons. As would 
be expected, t h i s result triggered a series of experiments to either 
support or disprove the Neddermeyer experiment. Unfortunately, 
these experiments have produced a variety of results (see Figure 1.1). 
About ha l f of the experiments show an asymmetry and about half do not. 
Those showing support f o r an asymmetry are Neddermeyer et a l . (1961, 
1965, 1967) which obtained an asymmetry of 1.60 ± 0.30, Allkofer et 
al.- (1971) which obtained a resu l t of 1.23 ± 0.11, Ayre et a l . (1971) 
which obtained a result of 1.32 ± 0.11,and Sheldon et a l . (1973) 
which obtained a result of 1.45 ± 0.19. • Two observations can be 
made from the figure. F i r s t , the accelerator results of Jain et al.' 
(1970) and Kirk et a l . (1968), quite surprisingly, have not produced 
very precise results. Neither experiment is inconsistant with there 
being quite a large asymmetry. Second, while i t might be expected 
that some of the experiments deviate from the expected value, i t i s 
not expected that they should a l l have fluctuated to positive values. 
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I t can be seen, based on these results, that i t i-s s t i l l necessary 
for experimenters to look at t h i s important problem. I f no asymmetry 
i s found i n future experiments, i t w i l l also be necessary to attempt 
to provide plausible explanations as to why some experiments have 
obtained such marked asymmetries. 
1.3.3 PREt/IOUS MU0M INTERACTION CROSS-SECTION RESULTS 
These results are divided i n t o the three electromagnetic 
processes and are presented graphically as a r a t i o of experimental 
cross-section to the theoretical cross-section as a function of 
energy t r a n s f e r . I n the comparison, Bhabha theoryXfor the knock-
on process, Christy and Kusaka theory)Vfor the Bremsstrahlung process, 
WM&errr -err AL. CM*xT)t)ffSi^) 
and3SSSS. theory f o r the dire c t pair production process, have been 
used. Knock-on, bremsstrahlung and direct pair production comparis-
ons are presented i n Figures 1.2, 1.3 and 1.4 respectively. 
Figure 1.2 shows s i g n i f i c a n t deviations from theory by the 
results of Neddermeyer et a l . (1961) et a l . (1965, 1972), 
and Allkofer et a l . (1370) for the knock-on process. Their results 
also support an increasing deviation as a function of increasing 
energy transfer. 
The bremsstrahlung results seem to agree to very large energy 
transfers f o r the majority of experiments, but deviate for a few 
experiments:. Alexander et a l . (1970), Matano et a l . (1968) and 
Nagano et a l . (1970). 
The comparison of the direct pair production results shows a 
tendency for some of the experimental results to be low. I n the 
next chapter, during the discussion of the direct pair production 
cross-section, i.t i s pointed out that the theory of MUT probably 
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over-estimates the.cross-section by at least 20%. This could partly 
account.for the apparently, low r e s u l t s . A recent experiment (not 
shown i n the figure) by Wright (1975) produced results i n complete 
agreement wi t h the dire c t pair production theory of •PpfrTOliflir.iind 
Kokoulin H \ ° \ ^ 0 ) Pi > I), 
A l l of these results have been presented as a function of energy 
transferred to the in t e r a c t i o n , but not as a function of muon energy. 
While i t i s true t h e o r e t i c a l l y (see Chapter 2) that knock-on and 
bremsstrahlung processes are v i r t u a l l y independent of muon energy, 
the d i r e c t pair production process i s very energy dependent. The 
great majority of the past experiments have used r e l a t i v e l y low energy 
muons, ^  < 50 GeV, with the exception of some underground work and 
some work using large spectrographs. A l l the accelerator experi-
ments have used muon energies of less than 20 GeV. There i s obviously 
a need to look at the high energy muon burst spectrum to determine 
i f anomalies exi s t as a function of energy and large energy transfers, 
as w e l l as a need to continue to look at lower energy muons to deter-
mine i f the apparent discrepancies r e a l l y exist. 
High energy muons are so far only available i n cosmic radiation, 
but due to the f a l l i n g spectrum i t i s necessary to have an apparatus 
with a large acceptance. The MARS spectrograph has a large accept-
2 
ance (408 ± 2 cm sr) and a good resolution (MDM ^  5 T.eV), and i s i n 
these respects ideal as a source of high energy muons. 
1.4 OBJECTIVES 
. Using the MARS spectrograph i t has been the author's intention to 
study the electromagnetic interactions of cosmic ray muons i n iron. 
Muons are assumed to be the observed particles because they are the only 
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known charged p a r t i c l e which «s able to penetrate ^ 4000 gm cm 
of i r o n . The f i r s t objective of t h i s experiment has been to look 
at the r a t i o of the i n t e r a c t i o n cross-section of positive muons to 
the i n t e r a c t i o n cross-section of negative muons, and to determine 
the magnitude of any v a r i a t i o n from unity. The second objective 
has been to study the muon burst spectrum i n iron both experimentally 
and t h e o r e t i c a l l y and to compare'the results to determine i f the muon 
inte r a c t i o n p r o b a b i l i t i e s vary from that predicted by quantum electro-
dynamics. 
One note on terminology; throughout t h i s thesis the terms energy 
and momentum have been used interchangeably. The error i n doing 
so i s 0.01% at 7 GeV and 6 x 10~ 5% at 100 GeV. 
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CHAPTER 2 
•INTERACTION PROCESSES - THEORETICAL CONSIDERATIONS 
2.1 INTRODUCTION ' 
During the past f o r t y years theoreticians have derived the.muon 
int e r a c t i o n cross-sections assuming the muon to be electron-like but 
more massive. Each successive treatment has resulted i n a more precise 
cross-section prediction, (At present a l l electromagnetic cross-
sections are accurate to less than 3%.) 
I n t h i s chapter the four known types of interactions by which muons 
can lose energy are discussed. The theories and predictions of various 
authors are considered and calculations have been made for the theories 
which appear to be the best. The four types of interactions are: 
1. Excitation and Ionization (Knock-On) 
Energy i s transferred from the muon to an atomic electron 
vi a the coulomb f i e l d s involved. 
2. Bremsstrahlung (Braking Radiation) 
The emission of a photon (y) as the muon i s scattered by the 
nuclear coulomb f i e l d . 
3. Direct Electron Pair Production 
The materialization of a positron-electron pair from a v i r t u a l 
Y emission as the muon i s scattered by the nuclear coulomb 
f i e l d . 
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4. Phptonuclear 
One of the v i r t u a l photons accompanying the muon interacts 
strongly with a nucleon i n the atom. 
2.2 THE KNOCK-ON PROCESS 
2.2.? INTRODUCTION 
As a charged p a r t i c l e passes through matter i t s coulomb f i e l d , 
which may be extended r e l a t i v i s t i c a l l y , can interact with the f i e l d of 
an atomic electron. When th i s happens either the electron involved 
w i l l be raised to a higher energy state (excitation) or, i f i t i s given 
s u f f i c i e n t energy, i t may be knocked out of i t s o r b i t a l ( i o n i z a t i o n ) . 
The approximate energy required f o r ionization i s (see Rossi, 1952): 
V = 13.6 Z eV (2.1) 
Vp being the ionization potential and Z the atomic number of the material. 
For energy transfers < V excitation occurs and for energy transfers > V 
P P 
ionization occurs. I f the energy transferred i s » V^, the electron 
can be considered as free and not bound to the nucleus. These electrons 
are called Knock-On (KO) electrons. 
For i r o n , the material used i n th i s experiment, = 281.2 +0.8 eV 
(Anderson et a l . , 1969). The present experiment i s riot concerned with 
energy transfers < 1 MeV, therefore there i s no need to consider ex c i t a t -
ion and a l l of the electrons can be described as free. Only the cross-
section f o r the production of knock-on electrons w i l l be discussed. 
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2.2.2 THE CROSS-SECTION FOR THE KNOCK-ON PROCESS 
Bhabha ( 1 9 3 8 ) has calculated the knock-on cross-section for 
pa r t i c l e s of spin | and mass M ( i . e . the muon). In the present work, 
i t i s assumed that his expression (Equation 2 . 2 ) i s v a l i d up to muon 
energies of 1 0 TeV. Bhabha's derivation i s 
2ttN Zr 2m c 2 dE „ E E , 
A K 0 ( E * f E t ) d E t = — - 3 K ~ + H- t 2 ) 3 ( 2 . 2 ) 
KO 7 * t t 3 2 A E T 2 . MAX Eytf Mc2 
where: 
TSpis the muon energy, 
E t i s the energy transferred i n the c o l l i s i o n , 
m c 2 i s the electron rest mass, e 
2 
Mc i s the muon rest mass, 
$ i s (E 2 - M 2cV/E, 
2 3 - 1 
N q i s Avogadro's number - 6 . 0 2 2 5 2 x 1 0 mole , 
Z i s the atomic charge ( f o r i r o n Z = 2 6 ) , • 
A i s the atomic mass ( f o r i r o n A = 5 5 . 8 5 ) , 
- 1 3 r i s the classical electron radius - 2 . 8 x 1 0 cm. e 
2 
Note that iTr e i s the projected, area of an electron. Frequently the 
constant C i s introduced i n the expression for the cross-section where 
U r e N Z 2 - 1 C = ~ — (units are electron cm gm ) ( 2 . 3 ) 
which for any material reduces to 
C - 0 . 1 4 8 Z/A . ( 2 . 4 ) 
EMAX * s t n e I n a x :'- m u m transferable energy and follows d i r e c t l y from 
the application of the law of conservation of energy and momentum to the 
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intera c t i o n . For the kinematics of the c o l l i s i o n the energy transfer-
red (E t) to the electron as a function of the scattered angle (0) i s 
•• 0 2_2 2 • 2 a 2mgc P^ c cos 0 
E = 2 2 2~471 O 2~2 27 ' ^ 2 * 5 ^ ((P c + M c ) 2 + m c ) - P c cos 0 
e 
P i s the momentum of the incoming muon. The maximum energy w i l l 
occur when the electron i s scattered forward ( i . e . 0 = 0 ) . This gives 
2m ec 2P 2c 2 
EMAX = M2 4 2 4 * ^X~2TJ (2*6) M c + m c +Jm c (P,, + M c ) e e y 
or . 
o^2 2 J 4 2 2E^mec + M c mfic 
EMAX "rZ 2 2 4 ' ( 2 , 7 ) XE m c + M c + m c V e e 
Table 2.1 gives E„.„ and (E,, - E„.„) as a function of E„. E,., ° MAX y MAX y y' 
EWAV and (E,. - E„A„) are plotted i n Figure 2.1 as a function of E . MAX y MAX r y 
Note that for high energies ( i . e . E^ > 100 GeV) E^^ * E^j- 11 (GeV). 
2.2.3 THE RESULTS AND CALCULATION OF THE KNOCK-ON CROSS-SECTION 
I n Equation 2.2, the f i n a l terms i n the square bracket are a 
2 correction term f o r the maximum transferable energy (3 ,E /E M A ) and a t MAX 
2 212 
correction term f o r the muon magnetic moment ( £ y 5 t $ 5 + M c J ) . The 
f i r s t correction term only becomes important as Efc approaches E^j.. o The second term i s only important as E approaches E and for E » Mc -. t y y 
In general, by the time the second correction begins to take effect the 
f i r s t term has reduced the cross-section s i g n i f i c a n t l y . I t i s also 
worth .noting that because of the magnetic moment correction E > E M i s 
a p o s s i b i l i t y . 
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TABLE 2.7 
MAXIMUM TRANSFERABLE ENERGIES 
EU " EMAX , ( G e V> 
1.0 X 10°. 8.294 X - 2 10 • 9.171 x 10" 1 2.0 X 10° 3.087 X 10" 1 1.690 x 10° 
4.0 X 10° 1.071 X 1P° 2.929. x 10° 
7.0 X 10° 2.733 X 10° 4.267 x 10° 
1.0 X 1 0 1 4.774 X 10° 5.256 x 10° 
2.0 X 1 0 1 1.294 X 1 0 1 . 7.06 x 10° 
4.0 X 1 0 1 3.142 X 10 1 8.58 x 10° 
7.0 X 1 0 1 6.055 X 1 0 1 9.45 x 10° 
1.0 X 1 0 2 9.015 X 1 0 1 9.85 x 10° 
2.0 X i o 2 1.896 X i o 2 1.04 x 1 0 1 
4.0 X 1 0 2 3.894 X 1 0 2 1.06 x 1 0 1 
7.0 X 1 0 2 6.892 X i o 2 1.08 x 10 1 
1.0 X 1 0 3 9.890 X i o 2 1.10 x 10 1 
2.0 X 1 0 3 1.989 X 10 3 1.10 x 1 0 1 
4.0 X 1 0 3 3.989 X 1 0 3 1.10 x 10 1 
7.0 X 1 0 3 6.989 X i o 3 1.10 x 1 0 1 




MUQN ENERGY E^(GeV) 
FIfRl 2 ' ^ Vlot8°f t h e maximwn transferable energy for the knock-on process 
ana the difference between the muon energy and the maximum transferable energy. 
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I n Figure 2 . 2 the knock-on cross-section i s plotted for f i v e muon 
energies ( 1 GeV, 1 0 GeV, 1 0 0 GeV, 1 TeV and 1 0 TeV) and for 
1 MeV < Efc < E j ^ j . I t can be seen from both Equation 2 . 2 and Figure 
2 . 2 that u n t i l E. teeames-EM.v, avri « 1/E„. The results of calculat-
t MAX' K 0 t 
ions f o r 1 GeV < E < 1 0 TeV and 1 0 MeV < E. < E „ A W are tabulated i n y t MAX 
Appendix A. 
2.3 THE BREMSSTRAHLUNG PROCESS 
2.3.7 INTRODUCTION 
Whenever a force i s applied to a charged p a r t i c l e i t i s accel-
erated and cl a s s i c a l l y i t must radiate energy i n the form of electro-
magnetic radiation. As a p a r t i c l e radiates i t must slow down, hence, 
the German name of Bremsstrahlung or braking radiation. 
Bremsstrahlung occurs when a charged p a r t i c l e passes close to an 
atomic nucleus.and i s accelerated by the e l e c t r i c f i e l d present. This 
- 2 3 
acceleration w i l l occur over a very short time period *v 1 0 s; and 
results i n the emission of a single photon. According to quantum 
mechanics th i s emitted photon i s either a real photon or a v i r t u a l photon 
which may subsequently materialize as an electron-positron pair. The 
process which produces a single r e a l photon is called the bremsstrahlung 
process. The materialization of a p a r t i c l e pair from the v i r t u a l photon 
i s known as the dire c t pair production process and i s discussed i n 
Section 2 . 4 . 
2.3.2 THE CROSS-SECTION FOR THE BREMSSTRAHLUNG PROCESS 
Bethe and He i t l e r ( 1 9 3 4 ) carried out the i n i t i a l theoretical 
treatment of this process. They derived a formula for spin \ particles 
10 
10"2 

















100 ioi 10' 10 2 10 3 ro 
ENERGY TRANSFER E t(GeV) 
FIGURE 2.2. The knook-on eross-seetion for muons in iron. 
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by taking i n t o account the effects of the atomic form factors (screen-
ing by atomic electrons). 
Christy and Kusaka (1941) did calculations for particles of spin 1 
and spin 0 and corrected the Bethe-Heitler spin \ formula f o r the f i n i t e 
size of the nucleus. I n t h e i r calculations they made three assumptions 
about the inte r a c t i o n : 
1. The k i n e t i c energy of the p a r t i c l e i s large compared to 
the electron mass. 
2. The e l e c t r i c p o tential of the nucleus i s that of a point 
charge for distance > r f l (the nuclear radius).and constant 
f o r distances < r . 
n 
3. The screening by the atomic.electrons i s negligible. 
U n t i l recently the Christy-Kusaka spin \ formula has been the most widely 
used formula f o r muons. The Chris ty-Kusaka cross-section for the prod-
uction of a photon of energy E t from a pa r t i c l e (spin £) of energy E i s 
given by 
4(XN Z 2 'm c 2 dE E - E . E - E 
<WE>V*- - f - rf-fr) ic11 + ^ e - Y-r**! 
Mc t 
2Efi(E - E.) 
x [ I n | 5 i ] (2.8) Mc Mcr E_ n t 
where 
d i s the f i n e structure constant -1/137, 
23 -1 
N Q i s Avagadro's number - 6.02252 x 10 mole , 
Z. i s the electronic charge of the medium, 
A i s the atomic molar weight, 
-13 
r i s the classical electron radius - 2.8 x 10 cm, 
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-13 1/3 
r i s the nuclear radius - 1.38 x 10 A cm, n 
2 
m c i s the electron rest mass, 
2 
Mc i s the muon rest mass, 
-22 
ft i s Planck's constant (h)/2ir - 6.5820 x 10 MeV s. 
Petrukhin and Shestakov (1966, 1968) suggest that for Z 'v 25, 
Christy and Kusaka have underestimated the nuclear form factor ( i . e . 
nucleon screening) by a factor ^ 2. They also suggest that this i s 
one "of the reasons why Ashton and Coats (1966) found for muon energies 
> 100 GeV, where bremsstrahlungis the dominant process, some disagree-
ment between t h e i r calculations and t h e i r experimental data, the theoret-
i c a l calculations being overestimates. 
Rossi (1952) says that the Christy-Kusaka formula i s probably 
correct to 
E < -TV* ~ 1 T e V <2'9> m c Z i / J e 
above which energy screening of the nuclear e l e c t r i c f i e l d by the atomic 
electrons becomes important. Petrukhin and Shestakov (1968) believe 
that at E *v* 100 GeV screening i s very important. 
I n 1966 Petrukhin and Shestakov, using the o r i g i n a l work of Bethe 
and He i t l e r (1934), derived a single analytical expression to take into 
account any degree of atomic screening. In 1968 they made a correction 
to the 1966 expression for the nuclear screening. For t h e i r work they 
made two assumptions 
1. The energy of the muon i s much larger than the muon mass. 
2. For distances > r ^ (the nuclear radius), the nucleus i s a 
point charge and f o r distances < r n , they assumed a Fermi 
charge d i s t r i b u t i o n . 
- 19 -
They began with the following Bethe-Heitler derivation: 
2Zr m c „ 
W E ' E t > d E t " a ( - T ~ f - > 
EMc 
dE, 
x [(2 - 2EEt + Ep^CcS) - |(E - \)§2(S)h^ . (2.10) 
where a l l terms are as defined e a r l i e r and where 
6 = 
M2 4 E„ M c t 
2E E - E. (2.11) 
(the least momentum transferred to the nucleus). <|>^ (S) and ^ ( S ) are 
functions that were shown by Bethe and Heitler to be very nearly equal. 
For the case of no screening 0^0= (j^bWd for the case of complete screen-
ing <{>^ >)" I n t h e i r derivation, Petrukhin and Shestakov assumed 
^ ( 6 ) = <j>2(6) - .#(6) where 
/ I MAX 
[ F n ( q ) ' F a ( q ) ] 2 * ( q » 6 ) ^ l (2.12) 
F , F are the functions of the nuclear and atomic form factors n' a 
respectively. <Kq,6) i s a function of the kinematics of the interaction. 
They obtained the following expression f o r $(S) which takes into account 
both nuclear and atomic screening: 
$'(6) = I n | 126Mc 
Z 2 / 3(m c 2 + 189^ 6Z" 1 / 3) 
(2.13) 
Combining Equations 2.10, 2.11 and 2.13 
2Zr m c _ , , dE 
W E > V d E t - a<—V--> 4 - 1 E E t + *?ir 
Mc E t 
x In 126Mc 
9 94.5/e Mc V 
v2/3, 2 t . Z (m c + 
E(E - Efc)Z 
(2.14) 
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This cross-section goes to zero f o r 
E = E = E - -^ /e Mc^ Z*^ ** K t MAX 4^ ' E - 0.387 (GeV) (2.15) 
The maximum energy transferred to the nucleus i s 
6. MAX 
= 2Mc^ . z - l / 3 K 0.404 Z 1/3 „ 2 Mc (2.16) 
3Se 
and f o r i r o n 6. MAX - 14.42 MeV. 
2.3.3 THE RESULTS AMP CALCULATIONS OF THE BREMSSTRAHLUNG CROSS-SECTION 
For the present experiment the expression by Petrukhin and 
Shestakov (1968) is considered to be the best and to take into account 
the most recent information about the nuclear size. Calculations have 
been done f o r LGeV < E < 10 TeV and lOMeV < E„ < E„ATJ. (see Equation 
y t MAX n 
2.15) and are presented i n Appendix A. The results are also presented 
i n Figure 2.3, where i t can be seen fo r Efc « that aBRE^ Eu' Et^ " * ^ E t * 
From a comparison between Figures 2.3 and 2.2 i t can be seen that f o r 
union energies greater than 100 GeV and fo r a l l energy transfers greater 
than 4 GeV that bremsstrahlung i s the dominant process. 
Shestakov derivation and has concluded that the overall accuracy of the 
continuous formula i s about 2%. At an energy of 1 TeV he estimates 
the radiative correction necessary to be ^  -5%. . The use of the Born 
approximation i n the treatment introduces a further 1% error. I f 
2.3.4 ERRORS IN THE THEORETICAL TREATMENT 
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FIGURE 2.3.. The bremsstrahlung pross-seatian fov muons in iron. 
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bremsstrahlung i n the atomic electrons' coulomb f i e l d i s considered i t 
has the effec t of ra i s i n g the Z term to Z(Z + Q where t, - 1. Kel'ner 
(1968) has estimated 1 < £ < 1.23 for iron as the cross-section varies 
"from the non-screened to the screened case. The effect of making allow-
ance for the atomic electrons i s to raise the cross-section by about 5%. 
The radiative correction and the electron bremsstrahlung correction 
tend to cancel one another. The net error i n the formula used i s about 
3%. 
2.4 THE DIRECT PAIR PRODUCTION PROCESS 
2.4.1 INTRODUCTION 
As described i n Section 2.3, as a muon passes close to an 
atomic nuc.leus i t w i l l be scattered and i n the process radiate energy. 
Classically, this r a diation would always be electromagnetic and only 
bremsstrahlung would occur. With the advent of quantum mechanics, 
electromagnetic waves could be described i n terms of quanta of the 
cl'eotromognatio f i o l d ( i . e . photons). A further implication i s that 
Ja photon with s u f f i c i e n t energy w i l l spend some of i t s time as a v i r t u a l 
p a r t i c l e - a n t i p a r t i c l e pair. To take the process one step further i t 
i s possible f o r a v i r t u a l photon accompanying a charged p a r t i c l e to 
spend some of i t s time as a v i r t u a l pair. The pair that a photon w i l l 
usually assume i s an electron-positron pair, because such a pair has 
the smallest mass (energy). Figure 2.4 shows the Foymm diagram represent-
ing a photon which breaks into an electron and a positron which, i n turn, 
recombines int o the photon again. 
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•e~ 
FIGURE 2.4. Diagram of a virtual partiole-antiparticle pair 
I t i s not immediately apparent why," when the photon i s i n the p a r t i c l e -
a n t i p a r t i c l e state, that i t w i l l not remain so, .or why Y "*• e + e + i s 
not a v a l i d decay mode of the photon. ( A l l quantum numbers are con-
served.) However, when the kinematics of such a system are considered 
i t becomes evident that i t i s necessary for some momentum to be exchanged 
with another p a r t i c l e before the momentum of the system can be conserved. 
Figure 2.5 i s the diagram f o r Y pair production where the momentum 
q i s exchanged with a nucleus or other p a r t i c l e . Figure 2.5 i s Figure 
2.4 opened out. I t i s apparent -fl? Figure 2.6, which is electron brem-
sstrahlung, i s compared wi t h Figure 2.5 that pair production i s simply 
reverse bremsstrahlung. 
Direct pair production, as opposed to photon pair production, i s 
when a muon (or other p a r t i c l e ) i s scattered i n the atomic e l e c t r i c 
f i e l d and the photon which i s emitted materializes as an electron-
positron p a i r , the momentum being conserved by a single y exchange with 
a nucleus by one of the particles (muon or electrons) involved. 
Figures 2.7a,b show the four diagrams f o r direct pair production by 
muons. Figure 2.7a i s the 'second order' processes, when the Y exchange 
is done with one of the leaving electrons. Figure 2.7b is the ' f i r s t 
23 
FIGURE 2.5. Eeymstn diagrams of photon pair production of electrons 
FIGURE 2.6. Ee&mn diagrams of electron bremsstrdhlung. 
(a) (b) 
FIGURE 2.7. Eoyinesn diagrams of muon direct pair production of 
electrons. (a) Second order processes. (b) First order 
processes. 
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order 1 processes, when the y exchange i s done with the muon. The 
terminology, f i r s t and second order, i s not s t r i c t l y correct and i s 
misleading since the dominant process for muons over most energy trans-
fers i s the second order process. For the sake of c l a r i t y , the notation 
of Petrukhin and Kokoulin (4969) has been adopted. The f i r s t order 
diagram w i l l be referred to as 'y 1, and the second order diagram as 'e'. 
S t r i c t l y speaking there are s i x diagrams as pointed out by Kel'ner 
(1967). The l a s t two (not shown) are interference diagrams and follow 
from the Seyean-Dyson method of analysis. I t turns out, however, that 
when a l l the states of the system are considered, these diagrams make 
no contribution to the cross-section. 
2.4.2 THE CROSS-SECT!OM FOR THE VIRECT PAIR PRODUCTION PROCESS 
For the discussion of the cross-section i t i s useful to define 
regions of i n t e r e s t . Figure 2.8 shows the regions as defined by various 
workers ( a f t e r Wright, 1972). The discussion here shall only concern 
i t s e l f w ith r e l a t i v i s t i c p a r t i c l e s (E^> 1 GeV and Efc > 10 MeV). There-
fore, the regions labelled A, B and C w i l l not be considered. The 
remainder of the figure i s divided into four areas labelled IN, IS, UN, 
I I S . I denotes small energy transfers (E f c < 0.-995 E), I I denotes large 
of 
energy transfers (F.fc > E). N, S denote the non-screening and 
screening of the atomic electrons. N, S regions are defined by y > 1 
and y < 1 respectively, where 
189(2m 2c 4 + M 2 c A v 2 ( l - p 2 ) ) 
Y 58 ~^ — 0 5 — (2.17) 
4E v ( l - p )m c (1 - v) 
WD 
7* linn"11 I I I ! ' 1 
UN I IS 10 
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FIGURE 2.8. Direct pair production regions of interest (after 
Wright3 1972). N3S are the non-screened and screened regions 
respectively. ' I3II are the regions of small energy transfers 
(Et < O.OQQEy) and large energy transfers (Ef > O.O0$E^) respect-
ively. The thick solid line represents the physical limit. The 




E" i s the muon energy, 
v i s the f r a c t i o n energy transferred, 
2 m c i s the electron rest mass, e 
2 
Mc i s the muon rest mass, 
p i s the asymmetry c o e f f i c i e n t of the energy d i s t r i b u t i o n of the 
produced pair. 
Carlson and Furry (1933), shortly after the discovery of the posit^ 
ron, were the f i r s t to attempt to calculate the direct pair production 
cross-section i n the IN region. More exact cross-sections were calc-
ulated by Landau and L i f t s h i t z (1934), Bhabha (1935), Mshina et a l . 
(1935), and Racah (1937). They a l l considered the f i e l d s involved 
c l a s s i c a l l y and as such t h e i r work is.only v a l i d for small energy trans-
fers ( i . e . .regions IN and IS) . To obtain correct results i n the UN 
and IIS regions the Fayman-Dyson formalism should be used. A l l workers 
2 
using t h i s method only considered the case when E » Mc ( r e l a t i v i s t i c 
p a r t i c l e s ) . Murota, Ueda and Tanaka (MUT) (1956) were the f i r s t to 
FEX/OVHAld . I/O use the Jjoyman method. They claimed their calculations have shown 
that only the e diagram aeade to be considered. U n t i l recently, the MUT 
theory has been the most popularly used set of formulae. I t s main draw-
back i n calculation i s the constant a which i s of the order of unity. 
I t i s usually accepted that a = 2. I f the MUT formulae are compared 
with the l a t e r work of Ternovsky (1959) and Kel'ner (1967), i t appears 
more l i k e l y that 1.36 < a < 1.65 (e/2 < a < e^). 
I t i s very probable that the MUT cross-section i s an overestimation 
of the correct one. MUT, themselves, have suggested that the method 
they used may overestimate the cross-section by as much as 20%. Compar-
ison of the calculation of Thompson (private communication, 1971) and 
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Allkofer et a l . (1971) with the Allkofer experimental results ( t o t a l 
cross-section) and the more recent cross-section calculations reported 
here (see Figures 2.9 and 2.10) suggest that MUT do indeed overestimate 
the cross-section by at least 20%. 
Kel'ner (1967) and Kel'ner and Kutov (1968) have done the most 
d e f i n i t i v e work to the present date. These workers not only considered 
the four diagrams i n Figure 2.7, but also took into account the i n t e r -
ference process. Kel'ner found that a f t e r the integration over a l l the 
f i n a l states, the interference term was zero. Kel'ner-Kutov (1968) 
corrected the o r i g i n a l Kel'ner equations taking i n t o account the nuclear 
form factors i n a similar fashion to the method used by Petrukhin and 
Shestakov (1968) f o r the bremsstrahlung process. Kel'ner's equations 
for the IN and IS regions are the same as the Bhabha formulae as up-
dated and presented by Davidson i n Rossi (1952). Those equatitms ^ lalso 
show contrary to the results of MUT that for very large energy transfers 
the y diagram becomes dominant and should be taken in t o account. How-
ever, i f only the energy loss i s important the y diagram contributes 
less than 0.1% to the t o t a l . 
Kokoulin and Petrukhin (i^69,,1971) used the work of Kel'ner and 
developed a single a n a l y t i c a l formula f o r both the e and y diagrams which 
f o r the extreme cases of screening and non-screening gives results i d e n t i -
cal to those of Kel'ner. Their results are 
2 
a D p p ( E ,v,p)dvdp - - ^ ( Z a r e r • L~M<f> e + " ^ y <LHvdp (2.18) ^ Mc 
2 
<f> = { [ ( 2 + P 2 ) ( l + 3) + C(3 + P 2 ) ] l n ( l + k + 1 " p. ; 3 e £ 1 + £ 
- (3 + p 2 ) } L e (2.19) 
I I 
O - 229 GeV(ALLKOFER.1971) 
10 
© - 5 5 9 GeV( 
a - 5 5 9 GeV i f 
MUT-(a = 2.) 
b - 229 GeV ( 
MUTa=2 
10-3 c - 559 GeV (This work) 
d -229 GeV ( • i 
10 
T > 10 » 
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FIGURE 2.9. Comparison of experiment of Allkofer et at. (1971) with, 
direct pair production cross-sections in iron. 
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FIGURE 2.10. Comparison of various direct pair production cross-
sections at 100 GeV muon energy in iron. 
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* y = {[(1 + P 2 ) ( l + | 3) - ~(1 + 23)(1 - p 2 ) ] l n ( l + O 
2 
+ i i i _ l _ £ _ l J l + ( i + 23)(1 - p 2 ) } ^ (2.20) 
i 2m c 2 e ^ A Z " 1 / 3 ( l + 0(1 + Y ) 
L = ln{AZ i / J [ ( l + 0(1 + Y ) ] / l + t ~ 5 : — ] } 
6 6 Ev(l - p 2) 
m c 2 
- | l n [ l + ( f - S - y Z 1 / 3 ) 2 ( l + 0(1 + Y ) ] (2.21) 
* Mc 
2 . 2m c 2 e * A Z " 1 / 3 ( l + 0(1 + Y ) 
L„ - ln { 4 -SS-y ^  Z1 + —^ 5 > <2<22> 
y J mec Ev(l - p^) 
Y e — 5 - P2 \ W \ + P2> y- . (2.23) 
2(1 + 33)ln(3 + ±) - p Z - 23(2 - p Z) 
Y = 4 + p 2 + 33(1 + P 2) 
y (1 + P 2 ) ( | + 23)ln(3 + O + 1 - | p 2 
where 
E i s the muon energy (E^), 
E + (E_) i s the positron (electron) energy, 
Efc i s the energy transferred to the pair - Efc = E + + E_, 
v i s the f r a c t i o n a l energy transferred to the pair - v = Et/E, 
p i s the asymmetry co e f f i c i e n t of the energy d i s t r i b u t i o n of the 
pair - p - (E + - E_)/E t > 
Z i s the electronic charge of the material, 
a i s the fine structure constant - a = 1/137, 
(2.24) 
2m ec 2 l v 
ft - v 2 ' (2.26) 
P " 2(1 - v) 
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A i s the constant determining the value of the radiation 
logarithm - A = 189, 
-13 r i s the classical electron radius - r = 2.8 x 10 cm, e e 
2 . 
mgc i s the electron (positron) rest mass, 
2 
Mc i s the muon rest mass. 
The indices e and y represent the contribution from the two diagrams. 
The cross-section i s non-negative for 
2 
- T - l v ^ l - f e ^ z i ( 2 . 2 7 ) 
y y 
2.041 MeV _< Efc < - 0.387 GeV (2.28) 
and 
fiM 2 4m c . 
0 < p < (1 - - y ^ -)(1 - T V ) ' < 2' 2 9> 
~ ~ E 2 ( l . - v ) V 
According to calculations and comparisons done by Petrukhin and 
Kokoulin, t h e i r cross-section-varies an average.of 1% from that of 
Kel'ner. Because of the s i m p l i c i t y of calculation (as compared to 
others) and i t s agreement with Kel'ner's derivations, the formulae of 
Petrukhin have been used i n t h i s work. 
2.4.3 THE RESULTS A W CALCULATIONS 07 THE VUECT PAIR PRODUCTION 
CROSS-SECTION 
I t i s important to know how the energy transferred to a pair 
of p a r t i c l e s i s divided between the two par t i c l e s . Figure 2.11a,b,c,d 
shows the p r o b a b i l i t y P(e'/e) of one of the pair receiving a f r a c t i o n 
of the energy transfer e1/e for various muon energies and energy trans-
fers. e 1 i s the energy transferred to one of the pair, £ i s the t o t a l 
E,j =10-0 0«V » A - 20 MeV PAIR B - 50 MeV 5 MeV MIN C -100 MeV 
D - 500 MeV 
E -1 GeV 
F - 5 GeV 
p(|) 
B 
• i 09 08 0-7 0-6 0-5 0-4 0-3 0-2 0-1 
e 
FIGURE- 2.11(a). Division of energy to produced pair . 
EfWR A - 2 0 MeV E..> 100-0 GeV 
B - 50 MeV E M 1 N . 5 M « V C - 100 MeV 
D - 500 MeV 
E - 1 GeV 
F - 5G«V 
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FIGURE 2.11(b). Division of energy to produced pair . 
E|i = 1000-0 GeV 
FIGURE 2.11(c). Division of energy to produced pair.. 
I 1 
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C =100 MeV 
D s 500 MeV 
E = 5GeV 
F « 50GeV 
G »500GtV 
H = 5000GeV 
FIGURE 2.11(d). Division of energy to produced pair. 
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energy transferred to the pair (elsewhere called Efc) and P(e'/e) i s 
f(e'/e) 
max > i . F i 
(c (E .e,~)de)d(~-) . (2.30) (e'/e) • D y nan 
I n the calculation i t was required that each p a r t i c l e i n the pair has a 
minimum energy of 5 MeV. I t i s apparent that except for small energy 
transfers E t < 0.01 E, i t i s very l i k e l y that one of the particles of the 
pair w i l l carry away most of the energy transferred to the pair. 
As stated i n the l a s t section, Kel'ner i n his work found i t necessary 
to include the y diagram and i t s contributions for high energy transfers. 
In Figure 2.12 the cross-section contributions from the e and \x diagrams 
are presented fo r E = 100 GeV. This p l o t i s t y p i c a l of other energies. 
For energy transfers of ^0.5 E the y contribution i s s i g n i f i c a n t and 
becomes dominant f o r very high energy transfers. The d i r e c t pair product-
ion cross-section a Dpp(E^,E t)dE t was calculated for 1 GeV £ E^ £ 10 TeV 
and 10 MeV < E t < E^^ (see Equation 2.29). The results are tabulated 
i n Appendix A and presented i n Figure 2.13. In the two previous discus-
2 sions on cross-section i t i s shown that o\,_ tt l/E,. and OnTy„„ <* 1/E K0 t BREM t 
over certain regions. Unfortunately cr^pp shows no such s i m p l i c i t y i n 
any of the regions of i n t e r e s t , nor can i t be represented by a single 
power law. Also contrary to the knock-on and brertsstrahlung cross-
sections, the d i r e c t pair production cross-section i s very sensitive to 
muon energy. Because of t h i s dependence i t would be expected that f o r 
high energies, pair production should be the dominant process. 
2.4.4 ERRORS IN THE THEORETICAL CROSS-SECTION 
Since the d i r e c t pair production process i s very similar to 
the bremsstrahlung process, the errors involved w i l l be equally similar 
0 
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FIGURE 2.12. e and y components of the direct pair production cross 
section in iron for a 100 GeV muon. 
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(Rozental 1, 1968). The corrections due to radiation and the pair 
production i n the electron shells should cancel out. Petrukhin and 
Kokoulin estimate the errors i n t h e i r interpolation formula to be 1 to 
2%. The approximation i n Kel'ner's formulae should introduce an error 
of ^ 1%. The overall cross-section for pair production therefore 
should be accurate to about 3%. 
2.4.5. CONSIDERATIONS IN THE CALCULATIONS OF THE CROSS-SECTION 
To calculate appp(E^,Et)dE^ the formulae given i n Section 
2.4.3 (Equations 2.18 to 2.26) must be integrated numerically over the 
coe f f i c i e n t of asymmetry i n the energy of the pair, p, where 
p = (E + " E j / E f c . (2.31) 
Figures 2.11a,b,c,d show how the cross-section varies with p. (Note 
that p can be expressed as 
p - - 1) . (2.32) 
Two observations can be made. F i r s t , the cross-section i s symmetric 
about p = 0. This implies that 
p 
fPmax-
p . aDPP d p = 2 Kmm 
0 D P pdp . (2.33) 
Second, as the energy transfers increase the cross-section varies more 
rapidly as p •*• p . I n this area the integration error can be great max 
i f the integration steps taken are too large. 
The integration over the variable p, has been performed on the 
Northumberland Universities Multi-Access Computer (NUMAC, IBM 360/67) 
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using Simpson's method. The formulae, though lengthy, are straight-
forward and easily used. To eliminate errors that can be caused by 
using integration intervals that are large i n the region where the 
d i f f e r e n t i a l cross-section i s varying rapidly, each successive point 
was checked! I f the difference between any two consecutive points 
was ^10% the i n t e r v a l size was reduced. This procedure, although 
taking considerable computer time, should have minimized the integration 
error « 1%. 
2.5 THE VHOTONUCLEAR INTERACTION PROCESS 
2.5.1 INTRODUCTION 
As has been mentioned before, when a charged p a r t i c l e i s i n 
motion, i t i s accompanied by an electromagnetic f i e l d , which can be 
described as a cloud of v i r t u a l photons. As a muon passes very close 
to a nucleon, possibly through a nucleus, one of the photons with s u f f i c -
i e n t energy can interact strongly producing one or more hadrons, usually 
.pions. Figure 2.14 i s a Feyman diagram for the photonuclear process. 
The muon (u) as i t passes the nucleon (N) emits a photon (y) which i s 
absorbed at Q and a group of hadrons move away. I t i s not completely 
clear what happens at ®, how the photon couples with nucleon. Because 
of t h i s lack of understanding, the diagram and cross-section calculations 
are divided into two parts. 
1. u •> u + y 
2. y + N -> N + ANYTHING . 
The f i r s t process i s very well understood from the Feyman formalism and 
QED, but the second i s s ' t i l l open to speculation. 
FIGURE 2.14. Feyman diagram of the photonuclear process 
2.5.2 THE CROSS-SECTION FOR THE PHOTQHUCLEAR PROCESS 
I n the past the cross-section has been calculated by estimat-
ing the v i r t u a l photon f l u x and then coupling this to the real photon-
nucleon ("y-N) cross-section. Weizacker .(1934) and Williams (1935) were 
components and mul t i p l i e d i t by a constant Y~N cross-section (o^ ) . 
Later Kessler-Kessler (1956) carried out a treatment using QED, but only 
considered the case when the four-momentum transfer to the nucleon 
squared (q or t ) was zero. (For a d e f i n i t i o n and derivation of. q 
see Appendix B.) 
The most recent approach to the cross-section has been to s p l i t the 
v i r t u a l photon f l u x i n t o longitudinally and transversely polarized compon-
ents and to assume that the t o t a l cross-section (°pN) is equal to the 
sum of the two fluxes m u l t i p l i e d by t h e i r respective nucleon cross-
sections. 
the f i r s t workers. They divided the v i r t u a l photon f l u x into frequency 
PN = d>mcrm + d>TaT T T L L 
(2.34) 
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<f> , <f> are photon fluxes f o r the transverse and longitudinal components 
i. JLr 
respectively; o^ ,, are the corresponding cross-sections for the 
two fluxes. 
Diayasu et a l . (1962) used th i s approach and obtained 
<t> T(E y,E t,t)a T(E t,t)dE tdt = K{(EjJ + ( E y - E t r ) t 
2 t 2 
- 2Mc^Et - ~-}L(E t,t)dE tdt (2.35) 
<() L(E u,E t,t)a T(E t,t)dE tdt = K{(2M 2c 4 - t ) t } L ! ( E t , t ) d E t d t (2.36) 
K = W (JI 1 2 \ ~Z (2'37) (E - M c ) t 
where 
E y i s the ihuon i n i t i a l energy, ^ 
Efc i s the energy transferred (the energy of the y), 
2 
Mc i s the muon rest mass, 
t « |q | i s the four-momentum transfer squared, 
L and L 1 are nucleon structure functions. Diayasu made two 
possible assumptions for L and L 1: 
4ira 
assumption a; L(E t,t) = -^-^ L' ( E t > t ) «= 0 (2.38) 
4ira .2 
assumption b: L(E »t) = - ^ ( - f ^ ) L'(E t,t) = 0 (2.39) J t A + t 
where A 2 = 0.365 GeV2. 
In assuming L' = 0, he has also assumed that the longitudinal cross-
section i s zero. Assumption a i s the 'point-like assumption' which 
describes a nucleon with no structure (a point nucleon). Assumption b 
is the 'cloud-like assumption' which describes the nucleoli structure as 
a function of t . The structure function as defined by Diayasu i s 
essentially the exponential charge d i s t r i b u t i o n of a proton with a 
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-13 radius 1.4 x 10 cm. Based-on the cloud chamber experiment of 
Higashi et a l . (1965), the best f i t to t suggests that t h e i r data i s 
10% p o i n t - l i k e and 90% cloud-like. 
The most recent work has been done by D r e l l and Walecka (1964), 
Perl et a l . (1969) and Cassiday (1971). The work of Perl and Cassiday 
i s the basis of the calculations done here. 
Writing again Equation 2.34 
0 p N(E i i,K,t)dKdt = ^(E i j,K,t)a T(E t,t)dKdt + c^O^K, t)0 L(E t,t)dKdt 
CQsiUArTvono a.^f ia} 
21 2 
where K = Efc - t/2Mpc /\ (Mpc i s the proton rest mass.) 
K i s the photon energy i n the cm. system of the. f i n a l - s t a t e hadrons. 
K has been preferred.by many authors because i t i s invariant. 
• The muon-photon vertex (V **• V + Y) i s well understood by theoretic-
' ians w i t h the r e s u l t (Cassiday, private communication, 1972) 
a K 2M2,-4 2 E u ( E u " E t > " i c " JS^ S-V**01 - ^ r - - ".2 , > <2-40> E,, - M c E_ + t y t 
2E(E - E ) • - J t -^( 2 ' T)( " M2 ). (2.41) 
EJJ - M c E t + t 
where 
r 
a i s the f i n e structure constant - 1/137, 
t 
E i s the muon energy, 
E^ i s the energy transferred. 
The problem as before i s the lack of a model for a T and a T . Models 
based on regge poles (Fowler, 1964), partons and vector demonance (Perl 
et a l . , 1969) have met with only l i m i t e d success. Vector dominance w i l l 
be considered here. 
The vector dominance theory assumes that the y-m coupling i s done 
v i a one of the vector mesons (p,w,<f>). The p meson i s considered to be 




Sakurai (1969) used vector dominance to predict 
ffT(K,t) - (1 + - i - ) a T ( K , t = 0 ) ' (2.42) 
M c P 
Qr(K,t) t K 2 
R 83 -hrt)= ( T I ) ( — - — i > m (2-43) 
V K ' t ; Hlc K + t/2M c P P 
2 
MpC i s the proton rest mass, 
2 
MpC i s the p-meson mass - a. 275 MeV, 
a T(K,t=o) = a Y ( E t ) , 
C(K) i s the r a t i o of p~N t o t a l cross-section for various h e l i c i t y 
states. C(K) - 1. (Perl et a l . obtained 5(K) = 1.2 ± 0.2.) 
There i s now s u f f i c i e n t information to calculate a cross-section. 
(()n,(E,i,Et,t) f t <L(E a p N ( E y , E t ) d E t = m a x A * { - ^ 
P N y t t Jt . (1 + t, (1 + t / M 2 c 4 ) 2 min p 
<f>T(Eu,E , t ) 
(1 + t / M 2 c 4 ) 2 Y t 9Et t 
From Equation ^kjSft Qxlf{o^ 
3K EU < Efi " E u ~ E r 
d E t M nc 2 CCE - E ) - M^ c ) Mc 2 




This comes from forward scattering, i n Equation b.4 set 6 = 0 , simplify 
assuming 
t - 2M c V . 
max p t 
sum 
This comes from Equation 3r37 when K = 0, i.e. a l l of the energy transfer 
i s given to the nucleon; or the energy of the photon i n the cm. system 
(2.48) 
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of the f i n a l - s t a t e hadrons i s zero. 
a-yCEj) *-s s ^ o w n i - n Figure 2.15. This is a survey of Y-P cross-
section data from Daresbury, SLAC and DESY compiled by Lewis (1973). 
For t h i s work a constant cross-section of = .125 lib has been assumed. 
The implications of t h i s are discussed i n the next section (Section 2.5.3). 
* . 
A is a factor to account f o r the number of nucleons that the Y can 
int e r a c t w i t h i n a given nucleus. A i s the atomic mass number. (For 
iron A = 55.85 gm * mole.) Gottfried and-Yennie (1969) and Stodolsky 
(1967) discussed the A dependence of the cross-section. There are two 
opposing views. F i r s t , i f the mean free path of the photon i s large 
r e l a t i v e to the nucleus then the o p t i c a l theorem applies and 
o* , =.A^ C7 , . Second, i f vector dominance i s completely nucleus nucleon r . 
correct, and the vector meson's mean free path i s small compared to the 
2/3 size of the nucleus, then a ,. = A cr . . The results vary, ' nucleus nucleon J ' 
0 9 
Caldwell et a l . (1969) found a p N « A , while Engler et a l . (1968) claim 
2/3 
an A dependence. A recent survey done by Cassiday (private communicat-
ion, 1973) shows that at present the best estimate of the exponent i s 
0 8 0.8, i . e . a . = A * a , . A value of 0.8 was used i n these ' nucleus nucleon 
calculations. 
•2 
The minimum energy transfer i s the mass of the pion (M^c ) . As 
2 
Figure 2.15 implies ^V1 ^ ~ ®' The maximum transferable energy i s 
given by the kinematics of a head-on c o l l i s i o n : 
EMAX K EU " + " V 0.4635 GeV ' ( 2 ' 4 9 ) 
, M c 
P 
2.5.3 RESULTS AMP CALCULATIONS OF THE PHOTONUCLEAR CROSS-SECT!OH 
The calculations were performed using Equation 2.42 and assum-
ing c y ( E t ) - 125 ub. From Figure 2.15, i t can be seen that this is a 
good approximation for energy transfers > 1 GeV. I t was assumed that the 
125 
100 
0-5 5 io 20 
PHOTON ENERGY IN GeV 
FIGURE 2. IS. Photon-proton cross-section after Lewis (.1973). 
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cross-section, cr^.(Et), remained constant for Efc > 20 GeV, although i t 
looks as though the cross-section may be f a l l i n g slowly. For E t £ 1 GeV, 
the discrepancy becomes very great, a maximum of 400%. I n Figure 2.16, 
the results of the calculations are presented. Figure 2.17 shows the 
same results with a correction (dashed l i n e ) f o r resonances i n the y-P 
cross-section. I t i s believed that the assumption of = constant i s 
j u s t i f i a b l e since i n the region where the resonance peaks occur, the 
cross^section for the knock-on and the direct pair production processes 
are orders of magnitude larger. The present experiment i s only looking 
at the t o t a l cross-section. Any error i n the photonuclear cross-section 
i n t h i s region i s unimportant. I f the cross-section for photo-production 
alone was being studied then i t would have been important. Tables of 
calculated results are presented i n Appendix A. 
The errors involved are hard to estimate, due to the lack of know-
ledge about the y-N vertex and the lack of experimental results. Fort-
unately, the cross-section i s nowhere dominant, except possibly at 
extreme high energy transfers. 
2.5.4 CONSIDERATIONS IN THE CALCULATION 
As i n the case of d i r e c t pair production, the photonuclear 
cross-section must be integrated numerically, Figure 2.18 shows how 
Opjjdt varies with t for a 100 GeV muon. The curves are everywhere, 
except at the peak, steep. Care should be taken p a r t i c u l a r l y at the 
t . end to ensure that the cross-section i s not under-or over-estimated, mm 
As i n the d i r e c t pair production integration, the difference between two 
successive integration points was monitored and not allowed to vary more 
than 10%. This ensures an accuracy i n integration of « 1%. 
I f 0^ i s taken as a constant (125 yb) the cross-section i s continuous 
2 
and non-negative to energy transfers < M^ c . As i s shown i n Figure 2.15, 
a-1GeV 
b-10 GeV 
c - 100 GeV 
d- 1000 GeV 
e - 10000 GeV 
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FIGURE 2.16. The photonuclear cross-section for muons in iron assuming 
constant photon-nucleon cross-section (125 \xb) 
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FIGURE 2.17. The photonuclear cross-sections. Dashed line is cross-
section taking into account the resonant peak in photon-nucleon cross-
section. • 
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FIGURE 2.18. The differential cross-section as a function 
of four-momentum transfer squared. 
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the cross-section a (E t)' = 0 for Efc < M^ c . Therefore, although 
2 
calculations f o r E. < M c can be carried out (using a constant a ) 
t TT o y 
they are not meaningful. 
2.6 RESULTS AW OBSERVATIONS 
2.6.1 INTRODUCTION 
As mentioned e a r l i e r i n th i s chapter the theoretical calculat-
ions reported i n t h i s thesis are based on the knock-on (KO) cross-
section of Bhabha (Section 2.2), the bremsstrahlung (BBEM) cross-section 
of Petrukhin and Shestakov (Section 2.3), the direc t pair production 
(DPP) cross-section of Petrukhin and Kokoulin (Section 2.4), and the 
photonuclear (PN) cross-section derived on the basis of the work done 
by Ca3siday and Perl (Section 2.5). The results of the calculations 
are presented graphically i n th i s section followed by some comments 
and observations on the results. (Complete numerical tables or the 
calculations are presented i n Appendix A.) 
2.6.2 COMPARISON OF THE INTERACTION CROSS-SECTIONS 
I n Figures 2.19 to 2.23 the d i f f e r e n t i a l cross-sections as a 
function of energy transfer f o r the four processes at f i v e muon energies 
are p l o t t e d . Two plots of the photonuclear cross-section are shown; 
one ( s o l i d l i n e ) i s the re s u l t assuming that the photon-nucleon cross-
section remains constant, and the other (dashed l i n e ) i s the result when 
the cross-section i s corrected f o r the resonances i n the y~N cross-section. 
The c r i t i c a l energies f o r each process as a function of muon energy 
are presented i n Figure 2.24. The c r i t i c a l energy i s defined as the 
E ^ L O GeV 
FIGURE 2.19. 
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FIGURE 2.20 
10' 
The differential cross-sections for the interaction processes of muons 
t!iflu£cton (KO)s bremsstrahlung (BREMS), direct pair production 
(DPP)j photonuclear (PN)). 
10 













o 10 10 0 0 
ENERGY TRANSFER E J G e V t 
FIGURE 2.21. The differential cross-sections for the 
interaction processes of muo'ns in iron ((knock-on (K0)3 
bremsstrahlung (BREMS), direct pair production (DPP), 
photonuclear (PN)). 
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energy transfer when the cross-sections for two competing processes are 
equal. This means that the curve labelled BREM/KNOCK-ON i s where 
°BREM^aKO " 1 ; t h e c u r v e labelled BREM/DPP i s where a B B E M / a D P P = 1 ; 
the curve labelled DPP/KNOCK-ON is where aDpp/aKN0CK-0N " 1' T h e 
photonuclear cross-section i s not included because i t is nowhere import-
ant except possibly at E ^ 1 GeV and as E approaches E , i t can be 
seen i n Figure 2.22. One point of interest i s where 
° B l W a D P P B a B W a K O = W k D = l> t h i 8 ° C C U r S a t EU " 2 8 0 G e V a n d 
E t - 20 GeV. 
Figure 2.25 uses the c r i t i c a l .energies i n Figure-2,24 as the demarc-
ation for regions (shown shaded) i n which the labelled process i s domin-
ant. I f photoproduction were included, i t might be expected to occupy 
the region immediately next to the Efc = E^ linew 
Figures 2.26a,b,ctd show which process i s dominant for a given 
muon energy and energy transfer. 
Figures 2.27a,b,c,d,e,f present the integral cross-section for a 
minimum energy transfer as a function of muon energy, i.e. 
fE 
a ( V E t > Emin> = L M ^ E y ' E t ) d E t • < 2' 5 Q> Ei-. • min 
2.6.3 COMMENTS ON THE CALCULATED INTERACTION CROSS-SECTION 
The following i s a summary of important points which can be 
seen from the graphical results. 
1. The only apparent region where the photonuclear process can 
be successfully studied corresponds to muon energies ^  1 GeV and large 
f r a c t i o n a l energy transfers (> 10%). For•fractional energy transfers 
> 10% the contribution from the photonuclear process ^33%. For energy 













1 100 1000 0 10000 
MUON MOMENTUM (GeV/c) 
FIGURE 2.25. Reg-Cons of dominance for the interaction 
"processes of muons in iron. 
1Cf 




10' 103 10* 










E t = L 0 GeV 
BREMS 
10 10' 10- 10* 10" 
MUON ENERGY (GeV) 
FIGURE 2.26(h). The cross-sections 'for a given energy transfer. 
I f f 4 
I f f 5 
1 > 
O 














FIGURE 2.26(c). The cross-sections' for a given energy transfer 
E t = 100-0 GeV 
MUON ENERGY (GeV) 
FIGURE.2i26(d). The cross-sections for a-given energy transfer. 
E^ GeV 
FIGURE 2.27(a). The integral cross-section greater than a 
given energy transfer. 
iH 10 
10" 101 102 
En GeV 
103 10* 
FIGURE 2.27(b). The integral cross-section greater than 








104 103 10° w 1 10 
E.. GeV 
FIGURE 2.27(a). The integral cross-section greater than 
a;-gvoen energy transfer. 
•10 2 r - 1 i 
10 3 





1 10 2 103 0 10 0 
E„ GeV 
FIGURE 2.27(d). The integral cross-section greater 
than a given energy transfer. 
10* I I 
<3 10 
TO 
> id? KO « 
ILI 
n 
i f f -
t 1 0 
i 
10* 10 10 10 10 
En GeV 
FIGURE 2.27(e). The integral cross-section greater 
than a given energy -transfer. 
10 I 
10 




i 0 0 0 0 10 
Ej i GsV 
FIGURE 2.27(f). The integral cross-section greater 
than a given energy pransfer.' 
- 40 -
2. For muon energies to 10 TeV, a l l energy transfers < 80 MeV 
w i l l be v i a the knock-on process. 
3. The knock-on process w i l l never dominate for energy transfers 
> 20 GeV. Direct pair production w i l l be dominant to E t - 0.1 E and 
bremsstrahlung w i l l be dominant to ^  E . 
4. A l l very large f r a c t i o n energy transfers (Efc/E > 0.1) are 
via the bremsstrahlung process. 
5. • For E > 280 GeV, the DPP-BREM c r i t i c a l energy i s approximat-
ely proportional to E (E - 0.1 E ) , 
C u 
6. Although d i r e c t pair production for muon energies > 400 GeV i s 
not dominant over the entire E^ range, i t i s very probable that i f a 
muon of energy > 400 GeV does i n t e r a c t , i t w i l l do so v i a the dire c t 
pair production process. 
7. For mubns with E^ < 100 GeV, direct pair production makes no 
si g n i f i c a n t contribution to the energy loss. 
8. At E = 280 GeV and E t «= 20 GeV, a l l three electromagnetic 
cross-sections are equal. 
2.6.4 CONCLUSIONS 
From the results three general conclusions can be drawn with 
respect to muon energy. Firstly., for E ^ 1 GeV i t should be possible, 
by studying a very narrow energy transfer range (Efc > 0.1 E), to i n v e s t i -
gate the photonuclear process. 
Secondly, f o r moderate muon energies (10 GeV < E < 400 GeV), the 
knock-on and bremsstrahlung processes can be studied. The knock-on 
process w i l l be the main means of energy loss, but for energy transfers 
greater than the knock-on maximum transferable energy (Equations 2.5, 
'2.6), the bremsstrahlung process w i l l dominate. 
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Third l y , f o r high energy muons (E > 400 GeV), although low energy 
"M • 
transfers w i l l be v i a the knock-on process, d i r e c t pair production w i l l 
be the dominant process and easily studied over a very large region of 




THE MAGNETIC AUTOMATE!? RESEARCH SPECTROGRAPH tMARS) 
3.1 INTRODUCTION 
MARS has been in. operation for four years, being used to study 
the muon charge r a t i o (Hume 1975) , the interaction asymmetry (Hamdan 
1972), the absolute rate of energy loss by muons i n iron (Wells 1972), 
and the muon energy spectrum to 800 GeV (Whalley 1974). As a conseq-
uence, the MARS spectrograph has been described i n d e t a i l i n several 
publications (Ayre et a l . 1969, 1972(a),(b) and Thompson and Wells 
1972) and i n several unpublished works. Therefore, the description 
given here i s b r i e f w i t h attention being given to those aspects of the 
apparatus which are unique or of particular importance to t h i s experi-
ment . 
MARS i s a 7.3 m t a l l muon spectrograph consisting of four 71 ton 
s o l i d i r o n magnet blocks with p a r t i c l e detectors placed above and 
below each block (see Figures 3.1 and 3.2). S c i n t i l l a t i o n counters 
(SC) are placed at levels 1, 3 and 5 (level 1 is the lowest measuring 
level,Figure 3.2). The s c i n t i l l a t o r s provide a three-fold coincid-
ence for a main trigger of the apparatus. The s c i n t i l l a t o r s also 
provide pulse height information f o r t h i s experiment. Momentum 
selector trays (MST) , which consist of four layers of ^  1.5 cm diameter 
rieon f l a s h tubes, are also placed at levels 1, 3 and 5. Informat-
ion from tracks i n these three trays i s used to determine whether 
the p a r t i c l e i s of high momentum (P^ > 100 GeV). At each of the 
levels 1, 2, 3, 4 and 5 are placed measuring trays (MT) which each 
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FIGURE. 3.1. The muon automated research spectrograph (MRS). 
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These high resolution tubes give a p a r t i c l e trajectory location with 
an accuracy of 0.3 mmjup to f i v e measuring levels, three being the 
necessary minimum required to determine the momentum of the p a r t i c l e . 
The over-definition i s to allow for-electron shower accompaniment which 
becomes very probable for high energy muons (E > 1 TeV). Both the 
measuring tray data and the pulse height information from the s c i n t i l -
lators are d i g i t i z e d and are stored on a magnetic disk via the on-line 
IBM 1130 computing system which i s shared with the High Energy Nuclear 
Physics Group (HENPG). 
When the spectrograph becomes completely operational two azimuthal 
trays (levels 6 and 7) w i l l also be d i g i t i z e d and w i l l provide d i r e c t -
ional information i n the back plane of the spectrograph. As can be 
seen i n the figures, the spectrograph i s divided into two halves known 
as the 'red side' (western side) and the 'blue side' (eastern side). 
The blue side has been completely d i g i t i z e d and has been used i n t h i s 
experiment. 
The discussion i n t h i s .chapter w i l l be divided into three general 
parts: the p a r t i c l e detectors and the associated systems, the general 
aspects of the spectrograph, and the experimental description. 
3.2 THE PARTICLE DETECTORS AND ASSOCIATED SYSTEMS 
3.2.J INTRODUCTION 
In the operation of the spectrograph three types of p a r t i c l e 
detector have been used: 
(a) Neon fla s h tubes f i r s t introduced by Conversi and Gozzini 
(1935) are the main bulk of the detectors. Each flash tube 
i s a 2 m long tube f i l l e d with neon gas. A charged p a r t i c l e 
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ionizes the gas as i t passes through the tube and on the 
application of a high voltage pulse 6 kV for ^  3 us) the 
tube w i l l discharge and w i l l give an optical flash. Fort-
unately, the flash tube w i l l also give a voltage pulse on 
a capacitance probe placed close to the end of the tube. 
This pulse has been made compatible with conventional DTL 
and TTL logic and consequently the systems using these flash 
tubes have been d i g i t i z e d (see Ayre et a l . 1972, Ayre and 
Thompson 1969). 
(b) Plastic (NE102a) s c i n t i l l a t i o n counters are used to i n i t i -
a l l y detect the passage of a muon through the spectrograph 
and v i a a coincidence system to trigger the high voltage to • 
the momentum selector trays and the measuring trays, as well 
as to trigger the data analysis and storage systems. For 
th i s experiment the pulse heights from the s c i n t i l l a t o r s 
have been d i g i t i z e d and stored with the flash tube information. 
(c) Geiger-Muller counters have been placed above and below the 
spectrograph and have been used to give some locational 
information as to where the muon traversed the spectrograph 
i n the back plane. This information has been used to l i n e -
up the trays i n the spectrograph and, i n th i s experiment, to 
check the uniformity of the s c i n t i l l a t i o n counters. 
3.2.2 THE MOMENTUM SELECTION SYSTEM 
Any spectrograph which i s b u i l t to study high momentum 
100 GeV) .muons must be able to cope with the enormous f l u x of low 
momentum 10 GeV) muons. The rate through MARS of muons 
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10 GeV/c < P < 100 GeV/c i s 18 particles/minute while the rate of 
muons P^  > 100 GeV/c i s ^  19 particles/hour. This means that for 
every high momentum event > 100 GeV/c the spectrograph w i l l also have 
the passage of 'V 60 low momentum events. To eliminate the low moment-
um events the MARS spectrograph uses a low resolution momentum select-
ing system. The momentum selecting system consists of two parts: 
the momentum selector trays (MST) and the momentum selector, an elect-
ronic device which uses the information from the momentum selector 
i 
trays to select high momentum events and to trigger the data storage 
j systems. The minimum detectable momentum of the momentum selecting 
i 
system i s ^  220 GeV/c and i t i s 100% e f f i c i e n t at ^  560 GeV/c. For 
a complete and detailed description see Ayre (1971). 
3.2.2.7 THE M0MEMTUM SELECTOR TRA/S 
At levels 1, 3 and 5 of the spectrograph are placed momentum 
selector trays, each consisting of four layers of large diameter 
I 1.5 cm) fla s h tubes with 39 flash tubes i n layers 1, 2 and 4, and 
} 38 fla s h tubes i n layer 3 (the measuring layer). Figure 3.3 shows 
\ the tube pattern as seen from the front of a tray on the blue side. 
I t»-2crrH 000O0 
1- 798 cm. 0000© 12 3 15 
Measuring 000 Level \ ^ / _ 2 1 22 23 2k 25 Cell Nos. 0 0 0 0 0 31 32 33 34 35 
FIGURE 3.3. Momentum tray flash tube pattern. 
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The tubes have been d i g i t i z e d according to the method developed 
by Ayre and Thompson (1969) and each tube's output i s fed into DTL 
latching c i r c u i t s . Within ^  12 lis a fter an event has been recognized 
i n MARS, the tray f r o n t electronics have allocated the tube config-
uration set o f f by the traversing p a r t i c l e to a 0.5 cm c e l l as defined 
at layer 3, the measuring layer (see Figure 3.3). There are 152 
0. 5 cm cell s across each tray. 
3.2.2.2 THE MOMENTUM SELECTOR 
The momentum selector i s an electronic device which uses 
the c e l l s that have been allocated by the tray fronts to determine 
i f the event was a possible high momentum event. A high momentum 
event has been defined as a muon which appears to have passed through 
the magnetic f i e l d s of the spectrograph with no deflection. The 
momentum selector finds high momentum events by searching for .straight-
l i n e combinations of the ce l l s set by the trays. To do thi s the 
momentum selector puts the c e l l information into a corresponding b i t 
i n a s h i f t r e g ister. There are three s h i f t registers, s h i f t register 
A f o r level 5, B for le v e l 3.and C for level 1. The information i n 
each register i s sh i f t e d and the s h i f t s counted u n t i l a set b i t i s 
shifted o f f the end. Let N , N, and N be the number of s h i f t s i n 
a b c 
A, B and C respectively for a given event. A straight l i n e (and hence 
a high momentum event) corresponds to N + N = 2N, . Since i t i s 
a c d 
possible f o r a muon to be allocated a wrong or s l i g h t l y misplaced 
c e l l (Ayre 1971), the s t r a i g h t - l i n e d e f i n i t i o n i s relaxed to ±2 c e l l s , 
1. e.' |Na + N c - 2Nb| £ 2. Figure 3.4(a) shows the c e l l i n g of a high 
momentum event. 
There are two cases i n which a low momentum event may be c l a s s i -
f i e d as a high momentum event by mistake. The f i r s t , as the most 
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FIGURE 3.4. The momentum selector celling of -possible acceyted events. 
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obvious case, i s when the muon i s accompanied out of a magnet block 
by one or more electrons. When thi s happens the tray f r o n t elect-
ronics w i l l allocate more than one c e l l to the event. Therefore, 
i t becomes more l i k e l y that one of the extra c e l l s w i l l l i e i n a 
str a i g h t l i n e with c e l l s i n the other two levels. Figure 3.4(b) 
shows diagrammatically how a burst event may appear to the momentum 
selector as a high momentum event. 
The second case i n which a low momentum event may be selected 
i s that of the 'zero' b i t s line-up with cells on two other levels. 
The zero b i t does not correspond to a c e l l i n the tray front but i s 
set at the beginning of each event and i s used as a continual check 
that the s h i f t registers are working. A monitoring system checks 
to make sure that t h i s b i t i s sh i f t e d completely across the register. 
However, frequently t h i s b i t w i l l also line-up with the track of a 
low momentum event and cause a high momentum tr i g g e r . Figure 3.4(c) 
i l l u s t r a t e s how t h i s could occur. 
The most important a t t r i b u t e of the momentum selector i s that 
although i t may accept some low momentum events, i t w i l l always accept 
a l l high momentum events. Since the low momentum contamination i s 
r e l a t i v e l y small, the main analysis programs can i d e n t i f y these events 
wi t h no major problems. 
The momentum selector must produce a 'deflection' for every event 
i n the spectrograph to determine i f i t i s or i s not a high momentum 
event. I t i s , therefore, useful to use that deflection to study the 
low momentum (7 GeV/c to 500 GeV/c) end of the spectrum. For thi s 
purpose RUDI (Restricted Use D i g i t a l Instrument) has been b u i l t and 
has been functioning f o r several years. For a complete description 
and results see Whalley (1974). 
3.2.3 THE TRACK MEASURING S/STEM 
The track measuring system i s the most fundamental system 
of the spectrograph. From the data gathered by th i s system the muon 
event can be reconstructed, the muon momentum found, and the event 
studied f o r bursty double muons, showers, etc. This system consists 
of the measuring trays (MS) with special tray f r o n t electronics, a 
data gathering and assembling system, and an on-line IBM 1130 computer 
fo r data storage and analysis. This system can locate the position 
of the muon track to ±0.3 mm i n each tray and i t has a momentum resolut-
ion i n excess of 5 TeV/c, i f good-tracks are available i n f i v e trays 
(Wells 1972). 
3.2.3.? THE MEASURING TRAYS 
At levels 1, 2, 3, 4 and 5 are placed measuring trays (see 
Figures 3.1 and 3.2) which each consist of eight layers of small 
diameter (*\» 0.55 cm) fla s h tubes. Figure 3.5 shows the flash tube 
pattern as seen from the f r o n t on the blue side. Each layer contains 
89 f l a s h tubes (a t o t a l of 712 per t r a y ) . The columns are labelled 
2 to 90 for convenience i n data processing. The flash tubes have 
been d i g i t i z e d using the method developed by Ayre and Thompson (1969). 
The tray f r o n t electronics prepare the data i n such a fashion that 
i t i s read i n t o the data gathering system i n the form of two one byte 
words (one byte i s two hexadecimal d i g i t s ) . The f i r s t word of data 
contains the column number and the second contains the tube configu-
r a t i o n . Each tube i n a par t i c u l a r column is assigned a '1' i f i t 
has discharged and a '0' i f i t has not. I t i s , therefore, possible 
to specify every tube configuration ( i . e . 2 combinations) i n two 
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FIGURE 3.5. The measuring tray flash tube pattern on the blue 
side of the spectrograph. 
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hexadecimal d i g i t s . Figure 3.6 shows a section of a tray with a 
muon event accompanied through the tray by a knock-on electron. On 
the diagram are also given the data f o r the event. The f i r s t piece 
of data i s '6276', which interpreted means that the data are for 
fjQUOeuwi fit-column 62 with 76 being the tube pattern. Seventy-six i n binary i s 
'01110110'. This binary number corresponds exactly to the pattern 
i n column 62 i f the right-most d i g i t (0) applies to the tube i n layer 
1 and the left-most d i g i t (0) applies to .the tube i n layer 8. . By 
the same argument the second piece of data '6491' corresponds to the 
pattern '10010001' i n column 64. As can be seen, i t i s very easy to 
reconstruct the track l e f t by the muon at each l e v e l . Ayre (1971) 
gives a description i n d e t a i l of the trays and d i g i t a l logic used. 
3.2.3.2 THE DATA GATHERING SYSTEM 
, The data gathering and assembling system can be operated 
i n one of two modes. Either i t w i l l only come into operation when 
the momentum selector signals that the event i s a high momentum event 
(high momentum mode) or i t can be operated to gather and store the 
data from every event ( a l l events mode). 
The data gathering and assembling system consists of a 'tray 
steerage u n i t 1 and a 1024 8-bit (1 byte) word core store. When thi s 
system receives a store event pulse, the core store system puts 
together a 'header' which contains v i t a l information about the. event 
( i . e . event number, time and dat® of the event, atmospheric pressure, 
magnetic f i e l d d i r e c t i o n , magnetic current, geiger counter inform-
ation and tr i g g e r mode). The core store unit then n o t i f i e s the tray 
steerage that i t i s ready for the data. The tray steerage unit then 
transfers the data from the tray fronts to the core store, one tray at 
a time, s t a r t i n g at level 1. When a l l the data are gathered i n the 
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FIGURE 3.6. A muon event with an accompanying electron in a measuring 
tray -presented with the computer pattern data. 
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core store, i t n o t i f i e s the on-line IBM 1130 that i t has an event to 
store on disk. When the computer finds time (within 2 s) i t transfers 
the data to a data storage disk. 
During the day-time the 1130 i s shared with the High Energy 
Nuclear Physics (HENP) Group which uses i t f o r scanning bubble chamber 
film s . When operating i n t h i s mode the MARS data i s simply stored 
on a s a t e l l i t e disk drive. During the night-time the 1130 computing 
system i s used exclusively by the MARS project. When running i n this 
mode the computer i s used to analyze data which has been gathered 
and at the same time i s used to store data as i t i s gathered. For a 
more complete description of the tray steerage u n i t see Ayre (1971). 
For a complete description of the core store u n i t , the data format and 
the on-line system see Wells (1972). 
3.2.4 THE SCINTILLATION COUNTED AM? ASSOCIATED ELECTRONICS 
The s c i n t i l l a t i o n counters have been used for two purposes 
i n t h i s experiment. The f i r s t use has been to determine when a muon 
has traversed MARS by providing a three-fold coincidence to the spectro 
graph systems. The other use has been to obtain .pulse height inform-
ation which could be associated and i d e n t i f i e d with individual events 
i n the spectrograph. I n p a r t i c u l a r , i t can be used to study bursts. 
This system consists of s c i n t i l l a t i o n counters viewed by two photo 
m u l t i p l i e r s at each end looking through a triangular perspex l i g h t 
guide. The outputs of the photomultipliers are added and mixed i n 
specially designed head amplifier units which give two kinds of out-
put.' One type i s from two'v-XSO amplifiers, which i s used to generate 
the spectrograph coincidence (the coincidence system i s described i n 
Ayre 1971). The other type i s from an ^  XI amplifier to be used i n 
the burst, analysis system. The °<* XI output i s inverted i n a linear 
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amplifier of gain -0.75 and i s fed i n t o an analogue to d i g i t a l converter 
(ADC) which assigns a d i g i t a l value to a certain pulse height. The 
d i g i t a l data are then read into a .core storage system and eventually 
transferred to magnetic disks with the flash tube data for l a t e r analy-
s i s . Figure 3.7 gives a diagrammatic representation of the system 
from photomultiplier to computer. 
3.2.4.1 THE SCINTILLATION COUNTERS 
At levels 1, 3 and 5 are ^  176 cm x 75 cm x 5 cm type NE102a 
pl a s t i c s c i n t i l l a t o r s . Each s c i n t i l l a t o r i s observed by four Mullard 
type.53AVP photomultipliers. At each end two of these photomulti-
p l i e r s are attached, v i a o p t i c a l cement, to triangular perspex l i g h t 
guides. Figure 3.8 shows a s c i n t i l l a t o r with l i g h t guides and photo-
m u l t i p l i e r s . The s c i n t i l l a t o r and l i g h t guides are wrapped i n aluminium 
f o i l i n order to help reduce l i g h t loss and sheets of black opaque 
p l a s t i c are wrapped round the aluminium f o i l to prevent l i g h t from 
getting into the system. The s c i n t i l l a t o r and photomultipliers are 
sealed i n a l i g h t - t i g h t box. 
Plastic Scintillator (Ne)02A) 
Photomultiplier 




176 cm Guide 
FIGURE 3.8. A MARS scintillation counter. 
Since the gain of the photomultipliers is affected by the pres-
ence of a magnetic f i e l d , i t i s essential that when the s c i n t i l l a t i o n 
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magnetic blocks. Hamdan (1972) investigated how best to shield 
the photomultipliers and his work yielded the current shielding 
technique of placing and inner mu-metal cylinder and an outer 
s o f t core i r o n cylinder over each photomultiplier. 
The voltages (EHT) on the photomultipliers were adjusted to 
give the same gain for each photomultiplier. ffl»t was achieved 
while the s c i n t i l l a t o r s were i n the spectrograph by using two of the 
three s c i n t i l l a t i o n counters as telescopes to provide coincidence 
wi t h one of the four photomultipliers of the t h i r d s c i n t i l l a t i o n 
counter i n a 400 channel PHA. The EHT on each tube was adjusted 
u n t i l the desired gain was obtained. This procedure was then rep-
eated for a l l the photomultipliers i n the spectrograph. 
3.2.4.2 THE SCINTILLATOR UNIFORMITY 
A study of one of the s c i n t i l l a t o r s using two 9 inch (23 cm) 
square s c i n t i l l a t i o n telescopes has been done to obtain the uniform-
i t y as a function of the distance from the l i g h t guide. The study 
was done using only one photomultiplier. The telescope was placed 
successively at three positions l a t e r a l l y across the s c i n t i l l a t o r at 
inter v a l s of 15 cm from the l i g h t guide (see Figure 3.9). The out-
put from the photomultiplier was analyzed i n coincidence wi,th the 
telescope by a 400 channel PHA. The collected data were transferred 
to cards and analyzed via the NUMAC IBM 360/67 computer by f i t t i n g 
a t h i r d order polynomial using the least squares method i n the region 
of the s t a t i s t i c a l mode. The form of the f i t t e d equation was 
3 2 
y = ax + bx + cx + d . (3.1) 
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FIGURE 3.9. A scintillation counter with telescope measuring posit-
ions marked (X). 
of the equation (3.1) to zero. 
& = 3ax 2 + 2bx + c = 0 . (3.2) ax 
I t has two solutions (generally real) 
-b ± i^~^~3ac x. (3.3) 1,2 3a 
The mode i s the solution (x^ or X2) at which the second derivative 
of equation (3.1) i s negative. 
,2 
•2-2- = 6ax + 2b < 0 . (3.4) 
dx 
This method of locating the mode i s accurate to < 5%. The result 
of the uniformity i s presented i n Figure 3.10. The curve shown i s 
a least squares f i t of an equation of the form y » e a x + ^ to the 
data a t distances > 30 cm from the l i g h t guide. I t was decided to 
f i t the curve to the l a s t nine points only because of a special geiger 
counter spectrograph run used to determine whether or not the s c i n t i l -
l a t ors at levels 1 and 3 have similar uniformity to the one used i n the 
uniformity study. The results of the run which used four geiger 
counter trays, two at the top, front and back of the spectrograph, and 
two s i m i l a r l y at the bottom, are presented i n Figures 3.11(a),(b). 
The geiger counters were used to determine the general position of the 
DISTANCE FROM LIGHT-GUIDE (cm) 
FIGURE 3.10. The scintillator uniformity as viewed from one end 
presented with an exponential fit to the experimental point > 30 cm 
from the light guide. 
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FIGURE 3. U. The experimental uniformity results (6) with the 
theoretical -predictions (-*• <-) normalized at the point labelled n. 
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p a r t i c l e as i t traversed MARS. The experimental p o i n t s (@) are 
presented w i t h the t h e o r e t i c a l l y p r e d i c t e d p o i n t s (•> •<-) . The th e o r e t -
'S.JO 
i c a l values are based on the f i t i n Figure ^3 and are normalized 
t o the p o i n t l a b e l l e d 'n'. Figure 3.11(a) i s the r e s u l t f o r l e v e l 
3 and Figure 3.11(b) i s the r e s u l t f o r l e v e l 1. The reason \*hy l e v e l 
3 has s i x experimental p o i n t s w h i l e l e v e l 1 has only three i s t h a t 
at l e v e l 3 i t i s p o s s i b l e t o l o c a t e s i x regions of p a r t i c l e t r a v e r s a l 
due t o p a r t i c l e s c r o s s i n g f r o n t t o back and v i c e versa. 
As can be seen the l e v e l 3 u n i f o r m i t y agrees very w e l l w i t h the 
expected r e s u l t . However, the r e s u l t s f o r l e v e l 1 suggest t h a t the 
s c i n t i l l a t o r i s more un i f o r m by a small amount than the s c i n t i l l a t o r 
a t l e v e l 3. 
Figure 3.12 presents the normalized non-uniformity curve based 
on the Figure 3.9 f i t . Curve (a) i s the curve obtained i f viewing 
the s c i n t i l l a t o r from one end only. Curve (b) i s the expected curve 
i f the s c i n t i l l a t o r i s viewed w i t h the p h o t o m u l t i p l i e r s a t both ends. 
The curve shows about 60% non-uniformity from the end t o the centre; 
f o r the s c i n t i l l a t o r s i n MARS. 
3.2.4.3 THE AMPLIFICATION SYSTEMS 
Each p h o t o m u l t i p l i e r has i d e n t i c a l base, c i r c u i t s (shown i n 
Figure 3.13). The pulse out of these bases i s of len g t h ^  20 ys, 
being s o l e l y determined by the load resistance (10 Kfi) and the c a p a c i t -
ance of the c i r c u i t . The output from each p h o t o m u l t i p l i e r i s fed 
i n t o a s p e c i a l l y designed head u n i t . Figure 3.14 presents a c i r c u i t 
diagram f o r these u n i t s . Each u n i t has four inputs (A, B, C, D) 
which correspond t o the f o u r p h o t o m u l t i p l i e r s a t each l e v e l . Three 
a m p l i f i e r s are contained i n the head u n i t ; these consist of one >\J x l 
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two d i a g o n a l l y opposing p h o t o m u l t i p l i e r outputs together (see Figure 
3.8). The output of the two ^ x50 a m p l i f i e r s i s sent to a d i s c r i m i n -
a t o r and then t o the coincidence u n i t t o provide the main t r i g g e r 
f o r the spectrograph. The ^  x l a m p l i f i e r adds a l l four (A + B + C + D) 
inpu t s together, and the output has been used i n the experiment 
r e p o r t e d here. 
Figures 3.15 and 3.16 show the l i n e a r i t y of the *v x50 and *x» x l 
a m p l i f i e r s r e s p e c t i v e l y . Also shown are the curves when various 
inputs are added together. The l i n e a r i t y i s considered t o be good 
since the analogue to. d i g i t a l converters (ADC) attached t o the ^ x l 
a m p l i f i e r s a t u r a t e a t 4 t o 5 V. 
A study was done t o determine the v a r i a t i o n of the gain as a 
f u n c t i o n of temperature. This i s u s e f u l to know, since the temper-
ature v a r i e s a number of degrees from the top to the bottom of the 
spectrograph. The r e s u l t s of t h i s study (Rada, p r i v a t e communicat-
ion) are presented i n Figure 3.17. The gain v a r i a t i o n over the temp-
er a t u r e range used (20°C t o 30°C) i s ^  2-3%. 
The output of the ^ x l a m p l i f i e r i s fed i n t o an i n v e r t i n g ampli-
f i e r o f gain -0.75 v i a an ^  10 m cable. The c i r c u i t diagram can be 
seen i n Figure 3.18 and the l i n e a r i t y i s shown i n Figure 3.19. 
3.2.4.4 THE ANALOGUE TO DIGITAL CONVERTER 
The analogue t o d i g i t a l converter i s a device which converts 
the height of an i n p u t pulse i n t o a series of d i g i t a l pulses* whose 
number i s a measure of the h e i g h t . The ADC's which were used i n 
t h i s experiment were designed by Dr. E. Bateman based on the Wilkenson 
p r i n c i p l e o f charging a capacitor up t o the peak voltage of the i n p u t 
pulse v i a an e m i t t e r f o l l o w e r , and then discharging i t w i t h a constant 
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by a Schmitt t r i g g e r . The width-modulated pulse i s used t o gate a 
constant frequency a s t a b l e , and the number of counts i s counted on 
a s c a l a r t o give a numerical measure of the pulse h e i g h t . 
Figure 3.20 gives c i r c u i t and block diagrams of the working ADC. 
Figure 3.21 presents the progressive change of the i n p u t pulse as i t 
passes through the ADC u n t i l i t i s a s t r i n g of d i g i t a l pulses. A 
d e t a i l e d d e s c r i p t i o n of the ADC's i s given i n an unpublished work 
by Whalley (1972). 
I n an ana l y s i s of the e r r o r s i n the ADC system, i t has been 
found t h a t the f l u c t u a t i o n i n counts f o r a given pulse height i s < 1% 
over the e n t i r e range (0-1024 counts). Figure 3.22 shows t h i s r e s u l t 
f o r one o f the ADC's used i n t h i s experiment. The l i n e a r i t y of the 
ADC's used has been checked using a p r e c i s i o n pulse generator. I n 
Figures 3.23(a),(b) are the r e s u l t s of t h i s t e s t f o r l e v e l 1 and 
l e v e l 3 r e s p e c t i v e l y . I t was decided when the ADC's were c a l i b r a t e d 
t h a t i t would be best t o have a negative t h r e s h o l d , so t h a t no pulse, 
or a pulse of zero h e i g h t , gave a count of +2 at each l e v e l . This 
makes i t easy t o determine the spectrum's s t a r t i n g c e l l . I t i s also 
t h i s t h r e s h o l d which makes the data p o i n t s appear to be non-linear a t 
the low end. The data are presented w i t h a l e a s t squares l i n e a r 
f i t . The ADC's are very l i n e a r and the apparent curvature of the 
l i n e a r f i t i s due t o p l o t t i n g a s t r a i g h t l i n e t h a t has a non-zero i n t e r -
cept on a l o g - l o g scale. 
3.2.4.5 THE MULTIPARAMETER PULSE ANALYSIS SYSTEM 
The multiparameter pulse analysis system (MPHA) consisted of 
s i x ADC's (described i n the previous section) and a magnetic core s t o r e 
system s i m i l a r t o the core s t o r e system associated w i t h the f l a s h tube 
measuring t r a y s . The MPHA, as w i t h the track measuring system, could 
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be operated i n e i t h e r a high-momentum mode or an a l l - e v e n t s mode. 
When a t h r e e - f o l d coincidence occurred the ADC's were t r i g g e r e d t o 
analyze the s c i n t i l l a t o r pulses associated w i t h the event. I f the 
momentum s e l e c t o r flagged the event as a possible high-momentum event, 
or i f the o p e r a t i o n mode was a l l events, the data from the ADC's 
plus event i n f o r m a t i o n ( i . e . event number, run f l a g s and magnetic 
f i e l d f l a g s ) were stor e d i n a 1024 8 - b i t word ferromagnetic core s t o r e . 
Each event i n the core s t o r e consisted o f : 
(a) a two word event ' s t a r t ' i d e n t i f i e r (FFF1) 
(b) a three word event number (0-FFFFFF) 
(c) one word of geiger counter i n f o r m a t i o n associated w i t h 
the event ( i f a v a i l a b l e ) 
(d) one word f o r s e r i e s number (0-F) and magnetic f i e l d (0 
f o r zero f i e l d , 1 f o r '+' f i e l d and 2 f o r '-' f i e l d ) 
(e) one word f o r run number (0-FF) 
( f ) twelve words (two each) f o r the s i x ADC's 
(g) a two word event 'end' i d e n t i f i e r (FFF2). 
Each event used a t o t a l of 22 words, and as a r e s u l t the core store 
u n i t stored 46 events (1012 words plus 4 word core store i d e n t i f i e r 
(00 00 FF FF)) before i t dumped the data to the di s k storage v i a the 
IBM 1130 computer. Figure 3.24 shows a diagram of the l o g i c c i r c u i t r y 
f o r the c o n t r o l s e c t i o n of the core s t o r e u n i t . Figure 3.25 i s a 
schematic of the MPHA system. I n t h i s f i g u r e data gates 1 and 2 
correspond t o the s t a r t and end i d e n t i f i e r s r e s p e c t i v e l y , data gates 
3 and 4 receive the event number and geiger i n f o r m a t i o n , and w i t h the 
manual f l a g , the ser i e s number, run number, and magnetic f i e l d were 
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set. For a complete and detailed description of the MPHA see Whalley 
(1972). 
3.3 GENERAL.ASPECTS OF THE SPECTROGRAPH 
3.3.1 THE MAGNETS 
The main physical bulk of the spectrograph consists of four 
.i 
s o l i d i r o n magnet blocks (size: 1.24 x 3.66 m x 2.13 m) (see Fig-
ures 3.1 and 3.12). Each block i s made from 78 5/8 inch (1.59 cm) 
iron plates and i s constructed as a to r o i d to contain a maximum amount 
of the f i e l d . The magnets, being t o r o i d a l , conveniently divide the 
spectrograph i n t o two halves (the red or west side and the blue or 
east side) with f i e l d s i n opposing directions. The f i e l d direction 
i s defined such that a positive muon w i l l be deflected towards the 
centre of the magnet i n a positive f i e l d ( i . e . a positive f i e l d i s 
into the blue side and out of the red side when standing at the f r o n t , 
electronics end, of the spectrograph). 
. Each energizing c o i l has a resistance ^  1 ti. Magnets A and C, 
B and D (as labelled i n Figure 3.2) are wired i n series and the two 
series c i r c u i t s then wired i n p a r a l l e l giving the. entire c i r c u i t also 
a resistance of ^  1 fi. The coils are energized by a 100 V DC power 
supply to 100 Amp. During operation the magnets dissipate ^  10 kW. 
The magnetic f i e l d inside each block i s 16.3 ± 0.1 kG with a va r i a t i o n 
of only 4% over the sensitive areas of the blocks (Ayre 1971 and Whalley 
1974). 
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3.3.2 THE SPECTROGRAPH ACCEPTAMCE 
The geometrical arrangement of the s c i n t i l l a t o r s determines 
the acceptance of the spectrograph. Ah i n f i n i t e momentum p a r t i c l e 
traverses the spectrograph i n a str a i g h t l i n e and determines the maxi-
mum acceptance. Whalley (1974) studied the acceptance i n d e t a i l using 
numerical and Monte Carlo methods. The maximum acceptance i s 
2 
408 + 2 cm sr. He considered the effects of magnetic f i e l d , coulomb 
scattering and muon energy. I t was found that at the energies studied 
(E > 7.2 GeV, the spectrograph threshold) coulomb scattering could be 
neglected. As a consequence the zero f i e l d acceptance i s a step 
function ( i . e . A(E) = 0 f o r E < 7.2 GeV and A(E) = 408 cm2 sr for 
E :> 7.2 GeV) . 
When the magnetic f i e l d s are considered, i t can be seen that the 
more curvature the tr a j e c t o r y of the p a r t i c l e has, the more l i k e l y i t 
i s to pass outside the acceptance volume. Consequently the lower 
the momentum the more part i c l e s are l o s t . For energies > 7.2 GeV i 
the acceptance starts at zero and rises almost exponentially u n t i l at 
2 
> 100 GeV the acceptance becomes equal to 408 cm sr. Figure 3.26 
presents both the zero field.acceptance and the f i e l d acceptance as 
a function of energy. Table 3.1 i s a table of the magnetic f i e l d 
acceptance versus energy (after Whalley 1974). 
3.3.3 THE PATA HkHVLlHG 
The analysis and data handling programs for the IBM 1130 
A»oQ 
have been developed by Wells (T973te Thompson (1972) and Daniel* 
(private communication). These programs determine for each event 
the charge and momentum and, also, f l a g trays which may contain bursts. 
They also put the data i n t o a useable form for further analysis on the 
NUMAC IBM 360/67. 
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TABLE 3.7 
THE ACCEPTAMCE AUV RELATIVE ACCEPTANCE OF THE SPECTROGRAPH 
„ - . . Absolute Relative , . ^ Acceptance Acceptance , 9 , r (cm^ sr) 
7.8 0.014 5.71 
8.0 0.055 22.44 
8.5 0.177 72.22 
9.0 0.298 121.58 
9.5 0.408 166.46 
10.0 0.500 204.00 
12.5 0.764 311.71 
15.0 0.862 351.70 
20.0 0.935 381.48 
40.0 .0.987 402.70 
80.0 0.996 406.37 
100.0 1.000 408.00 
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Since the flash tube data are collected and put on disk with 
each event and the pulse height data are saved u n t i l i t has a block 
of 46 events and then stored on disk, the data end up i n blocks 
of ^ 46 events of each of the two types of data. The i n i t i a l handl-
ing programs separate the data in t o the d i f f e r e n t types. This sep-
aration i s done to save program steps i n the MARS analysis program. 
The data i n t h i s divided form are.then analyzed by the main 
MARS program to determine, i f possible, the momentum, charge and 
other information. I f an event f a i l s i n the analysis i t i s flagged, 
but saved. Later i t i s given special attention and i s analyzed by 
a more sophisticated program on the IBM 360 (Daniels, private communicat 
io n ) . For a description of the analysis programs see Wells (1972). 
The analyzed data are then put into 80 column card image format 
and are transferred from the IBM 1130 v i a disk to tape and disk on the 
IBM 360 f o r further analysis and general access to any member of the 
MARS group. 
Figure 3.27 shows the general handling procedure. The upper 
x h a l f of the diagram i s the on-line data handling system and i s under 
the d i r e c t i o n of the MARS group programmer. This part of the diagram 
has been described b r i e f l y above. The ..second ha l f i s the IBM 360 data 
handling system as developed and used by the group programmer and 
by the author. 
3.4 THE EXPERIMENTAL DESCRIPTION 
The short term int e r a c t i o n experiment was set-up to run alongside 
and i n conjunction with the long term measurement of the high energy 
muon spectrum. The MPHA and i t s associated electronics were b u i l t 
to operate i n either of the two operational modes of the spectrograph; 
the object being to have pulse height information associated with each 
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event stored along with the flash tube data. Figure 3.28 shows 
diagrammatically how the experimental arrangements are operationally 
interconnected. 
The method of using flash tubes and s c i n t i l l a t i o n counters i n 
conjunction i s a powerful experimental t o o l , p a r t i c u l a r l y for cross-
ca l i b r a t i o n . The flash tubes can be used to select the single part-
i c l e pulse height d i s t r i b u t i o n i n the s c i n t i l l a t o r s . This d i s t r i b u t -
ion can, i n turn, be used to calibrate the method used to determine 
the number of p a r t i c l e s i n the flash tube trays t:o obtain an accurate 
burst spectrum. Details of t h i s method w i l l be discussed i n the 
next chapter. 
The i n t e r a c t i o n experiment was performed i n a six-month period 
between the 19 December 1973 and the 11 June 1974. I n the f i r s t 
f i v e months two types of data corresponding to the two operational 
modes of the spectrograph were collected. There were 4175 useable 
events i n the ' A l l Events Data' and 5203 useable events i n the 'High 
Momentum Data'. 
I t was decided that for about 1 month (8 May to 11 June 1974) 
the spectrograph could be used exclusively by the interaction experi-
ment for a special in t e r a c t i o n run, the object being to bias the 
tr i g g e r i n g of MARS i n favour of events which are accompanied out of 
a magnetic block by an electron shower. To do t h i s the coincidence 
system was altered to trigger on large pulse heights i n the s c i n t i l -
l ators at either level 1 or level 3. Figure 3.29 shows the modifi-
cation to the coincidence system. The level 1 discriminator was 
set to a pulse height equivalent to about 3.5 particles and the level 
3 discriminator was set to an equivalent pulse height of about 5.5 
pa r t i c l e s . This c o l l e c t i o n of data (called the 'Interaction Data') 
yielded 13349 useable events. The analysis and data handling of 
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3.4.1 THE ROLE OV THE AUTHOR 
With an experimental project of the size and complexity 
of MARS, i t cannot be the work of one person, but rather the work 
of a group. When the author joined the group i n 1971, the spectro-
graph and the bulk of the electronics had been completed. Even part 
of the equipment for the interaction experiment had been b u i l t , 
though not operational with the spectrograph. On a r r i v a l , the author 
was involved i n scanning and analysis of the previous interaction 
experiment (Haman 1972). This work resulted i n two papers: 'Electro-
magnetic Interactions of Cosmic Ray Muons i n Iron I : Search f o r 
a Charge Asymmetry' (Grupen et a l . 1972(a)) and 'Electromagnetic 
Interactions of Cosmic Ray Muon's i n Iron I I : Momentum Dependence of 
the Interaction P r o b a b i l i t i e s ' (Grupen 1972(b)). The conclusions 
were that i t appeared that there i s no charge asymmetry, although a 
previous experiment by Hamdan (1972) exhibited a s l i g h t asymmetry, 
and that the experiment was i n good agreement with the cross-section 
p r o b a b i l i t i e s for knock-on and pair production. Since that experi-
ment the author has been mainly concerned with setting up and operat-
ing t h i s i n t e r a c t i o n experiment which has included the s c i n t i l l a t o r 
uniformity study, the development of the special photomultiplier 
head amplifiers, the design and building of the core store i n t e r f a c -
ing unit ( b u i l t to handle the orderly passage of data from one to 
three core stores to the IBM 1130), the i n s t a l l a t i o n of the MPHA 
into the spectrograph system, and the production of data handling 
and analysis programs for the IBM 360/67. The actual running of 
the apparatus was carried out by the author assisted by other members 
of the group. 
The theoretical calculations and predictions are presented i n 
Chapter 2 and Chapter 6. The data analysis and results are presented 
i n Chapters 4, 5 and 7. 
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CHAPTER 4 
THE GENERAL ANALYSIS OF THE PATA 
4.1 INTROVUCTION 
The purpose of t h i s experiment was to study two aspects of muon 
physics i n i r o n : (1) whether or not there i s an interaction charge 
asymmetry as observed by some experimenters, and (2) does the 
muon follow the predictions of quantum electrodynamics with the assumpt-
ion that the muon i s j u s t a heavy electron. As a resul t the data 
analysis has been divided into three parts. This chapter discusses 
the general analysis of a l l the data. Chapter 5 discusses the i n t e r -
action charge asymmetry analysis and results, and Chapter 7 discusses 
the burst spectra analysis and results. 
As would be expected with an apparatus the size and complexity 
of MARS, there are systematic effects which must be taken into account. 
I n an attempt to eliminate the effects pf the magnetic f i e l d , the 
f i e l d s of the magnets were reversed approximately every 24 hours and 
the t o t a l run times under each f i e l d direction were made equal. While 
t h i s eliminated f i e l d dependent effects i n the acceptance and flash 
tube patterns, the f i e l d , reversal was found to introduce a systematic 
effec t on the gains of the photomultipliers. The correction i s 
discussed i n Section 4.3.3. 
I t i s essential i n the development of any analysis by computer 
to have some form of visual display to determine what the analysis 
done and what, i f any, details or errors have been missed. 
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In Section 3.2.3.1 the rebuilding of events i n a tray has been discussed 
as a r e s u l t and as an aid to analysis a simple program has been written 
to display the trays of the spectrograph for each event. Figures 
4.1 to 4.7 show examples of burst events which occurred i n the spectro-
graph. Each display also gives v i t a l information about the event. 
As can be seen from the figures, there were six ADC's record- • 
ing pulse height information, two for each s c i n t i l l a t o r . This was 
done i n case of system f a i l u r e s during experimental runs, of which 
there were none. This experiment used only levels 1 and 3 and for 
t h i s analysis only ADC 3 and ADC 2, respectively, have been used. 
4.2 THE VATA 
I n the six-month run of t h i s experiment three classifications 
of data were collected (the a l l events data, the high momentum data 
and the int e r a c t i o n run data), each with i t s own d i s t i n c t i v e a t t r i b -
utes. Each class of data contained a i r shower events, events with-
out flash tube or pulse height data, and events to which the main 
MARS analysis program could not assign a momentum or charge. Each 
event was c l a s s i f i e d as an useable or unuseable event for the analysis 
using the following c r i t e r i a . 
1. Each useable event must have had both flash tube and 
pulse height information associated with i t . 
2. I t also had to have been assigned a momentum by the 
main analysis programs. 
Of these useable events some may have been p a r t l y or completely d i s -
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or abnormal data f o r a t r a y , o r p o s s i b l e m u l t i p l e muons t r a v e r s -
i n g the spectrograph). For example,. the event shown i n Figure 
4.2, which had three i n t e r a c t i o n s , was also a double muon and was 
excluded. 
The ' A l l Events' data, as the name i m p l i e s , i s a c o l l e c t i o n 
of 4175 useable events i n which any event w i t h i n the spectrograph 
acceptance i s included. As would be, expected the b u l k of t h i s 
data i s low momentum. This data contains the l e a s t systematic 
e f f e c t s and can be used as a basis t o c o r r e c t the other data. 
This data has been used f o r both the i n t e r a c t i o n charge asymmetry 
analysis and the b u r s t spectra a n a l y s i s . 
The 'High Momentum' data was c o l l e c t e d using the momentum 
s e l e c t o r described i n Section 3.2.2.2. This set o f data, which 
contains 5203 useable events, i s severely biased by the momentum 
s e l e c t o r . Not only does i t bias the muon spectrum but i t i s 
biased i n such a way as t o have a tendency t o accept b u r s t events. 
As a .consequence t h i s data has not been used f o r the b u r s t spectra 
measurements, but has been used f o r the charge asymmetry e x p e r i -
ment, where the muon spectrum biases should cancel one another. 
A b e n e f i t of t h i s i s t h a t the bias towards bursts should amplify 
an asymmetry, i f i t e x i s t s . 
The ' I n t e r a c t i o n Run' data was collected,as described i n Sect-
ion. 3.4, by b i a s i n g the t r i g g e r i n g of the spectrograph towards 
b u r s t s . This r e s u l t e d i n 13349 useable events, most of which 
co n t a i n b u r s t s at l e v e l s 1 or 3. This data was biased by the 
t r i g g e r i n g c r i t e r i a , but by the use of the s i n g l e p a r t i c l e d i s t r i -
b u t i o n obtained from the A l l Events data, t h i s data has been corrected 
(see Sections 4.3.4 and 7.3.3). 
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Due t o the l o g i c a l 'or' i n the t r i g g e r i n g c i r c u i t s , there i s 
cross-contamination of the two l e v e l s ( t h a t i s , a b u r s t event at 
l e v e l 1 i s not l i k e l y to be a b u r s t event a t l e v e l 3 ) . To e l i m i n a t e 
t h i s contamination, any events having a pulse height of less than 
75 (MPHA c e l l ) has been excluded f o r t h a t l e v e l . The cut a t c e l l 
75 was chosen a f t e r comparing the pulse height d i s t r i b u t i o n s f o r the 
I n t e r a c t i o n Run data a t both measuring l e v e l s . This data, l i k e 
the A l l Events data, has been used i n both types of a n a l y s i s . 
Because o f the number o f events, i t contains the most s t a t i s t i c a l l y 
s i g n i f i c a n t r e s u l t s . 
4.3 THE GENERAL ANALYSIS 
4.3.7 INTRODUCTION 
The next three sections present the analyses performed on, 
or r e s u l t s obtained from, a l l three classes o f data. These prep-
a r a t o r y analyses and r e s u l t s are necessary f o r both the asymmetry 
and b u r s t spectra measurements 
4.3.2 THE PETERM7NATC0N OF THE MU0N MOMENTUM 
The momentum P (eV/c) of a p a r t i c l e moving i n a uniform 
magnetic f i e l d B (gauss) w i t h a radius of curvature r (cm) i s given 
by 
P = 300Br . ' ' (4.1) 
The magnetic f i e l d i n MARS i s 16.5 kG» The radius of curv-
ature i s determined by f i t t i n g a parabola by the l e a s t squares method 
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to a set o f from three t o f i v e co-ordinates along the t r a c k observed 
i n the f l a s h tube t r a y s of the spectrograph. A parabola has been 
used i n s t e a d of a c i r c l e t o take i n t o account energy l o s s . The 
method has been developed by Wells (1972), Wells and Thompson (1972), 
and Daniels ( p r i v a t e communication, 1974). 
I t has been shown by Wells t h a t the radius of curvature ( r ) i s 
2 
d i r e c t l y r e l a t e d t o a parabola of the- form ax + bx + c = y by i t s 
f i r s t c o e f f i c i e n t 
r - £ . (4.2) 
Wells also took i n t o account the e f f e c t s of the gaps between the 
magnet blocks which lower the momentum p r e d i c t e d by equation (4.1) 
by about 20%. The r e s u l t i s t h a t the mean spectrograph momentum 
i n GeV/c i s given by 
P - ^ ( 4 . 3 ) 
a being i n m K 
Wells also gives the c o r r e c t i o n r e q u ired t o convert the mean 
spectrograph momenta t o i n c i d e n t momenta. On average, the d i f f e r -
ence i s about 4 GeV/c. The momenta quoted i n t h i s r e p o r t are 
i n c i d e n t momenta. 
The maximum detectable momentum (MDM) i s dependent on which 
tr a y s are used f o r the f i t and oil the accuracy of p a r t i c l e location.. 
A f i v e - t r a y f i t w i t h a l o c a t i o n of 0.3 mm gives an MDM of 5427 GeV/c. 
Above t h i s momentum less than 10 muons per year are expected t o 
pass through the spectrograph. 
- 69 -
4.3.3 ESTIMATION OF THE BURST S I Z E IN THE FLASH TUBE TRAYS 
A l l o f the data a t l e v e l s 1 and 3 have been d i v i d e d i n t o 
p a r t i c l e number bins by e s t i m a t i n g the number of p a r t i c l e s i n the 
f l a s h tube t r a y s from the f l a s h tube p a t t e r n . This was done i n 
the f i r s t instance t o study the charge asymmetry as a f u n c t i o n of 
b u r s t s i z e , and i n the second instance t o determine the b u r s t 
spectra. I t was t h e r e f o r e necessary t o develop a consistent and 
r e a l i s t i c method of e s t i m a t i n g the b u r s t s i z e . 
The data f o r each t r a y were d i v i d e d i n t o 'groups'. A group 
has been defined as a c l u s t e r of discharged f l a s h tubes l y i n g i n 
adjacent columns such t h a t the number o f f l a s h tubes (> 3 ) d i s -
charged i s greater than the number of adjacent columns. This 
c r i t e r i o n e l i m i n a t e s s p u r i o u s l y discharged f l a s h tubes l y i n g i n 
adjacent columns. Because of the tube p a t t e r s (see Figure 3.5), 
i t i s very u n l i k e l y t h a t a muon w i l l pass through a t r a y w i t h o u t 
s e t t i n g o f f a t l e a s t three f l a s h tubes. I f a t r a y had.no defined 
groups the data f o r t h a t l e v e l have been r e j e c t e d . 
I n most cases i t was easy t o determine when a s i n g l e unaccomp-
anied muon passed through a t r a y . Most unaccompanied muons were 
selected by d e f i n i n g a s i n g l e muon event as an event w i t h only one 
group of 3-8 tubes, i f : (a) there was only one column of data, or 
(b) t h e r e were less than two tubes t h a t l i n e d up w i t h other tubes 
i n the same l a y e r . This included a l l events w i t h three or four 
discharged f l a s h tubes arid a l l other events w i t h less than e i g h t 
discharged f l a s h tubes where there were less than 1.25 discharged 
f l a s h tubes per l a y e r . 
For any other tube c o n f i g u r a t i o n the analysis was more complex 
and has been based on previous work done by Rogers (1965), modified 
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by the author t o be useable w i t h the present apparatus. I t i s 
based on binomial s t a t i s t i c s and assumes t h a t w i t h i n the boundary 
of the shower the shower p a r t i c l e s are un i f o r m l y d i s t r i b u t e d . 
2 
Consider K adjacent counters each of area S m . The prob-
a b i l i t y (P) of L of the K counters being t r i g g e r e d by a shower o f 
-2 
uni f o r m d e n s i t y A p a r t i c l e s m i s given by 
P(K,L,A) - ( K , ( K K : L ) , ) ( l - e A S ) L ( e " A S ) K _ L (4.4) 
-AS 
where 1 - e i s the p r o b a b i l i t y of a t l e a s t one p a r t i c l e passing 
through any s i n g l e counter. 
The most l i k e l y d e n s i t y f o r t r i g g e r i n g L of K counters can 
be obtained by maximizing equation (4.4) 
9P(K,L,A) _ ft _ (K - L) -AS 
3A " U ~ K 
• —2 and s o l v i n g f o r A ( p a r t i c l e s m ) 
(4.5) 
I l n | _ J L _ | • (4-6) S 'K - L 1 
To o b t a i n the b u r s t s i z e i t i s only necessary t o m u l t i p l y by the 
p h y s i c a l shower s i z e . The shower s i z e was assumed t o be KS (the 
area o f one detector times the-number of detectors t r i g g e r e d ) , and 
t h e r e f o r e 
N = QK I n | , = j = ^ [ (4.7) 
where N i s the shower s i z e and Q i s an enhancement constant introduced 
t o take i n t o account: (1) the non-uniform density of shower p a r t i -
c l e s , and (2) p a r t i c l e s which may have passed through the gaps b e t -
ween the f l a s h tubes. ' 
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Equation.(4. 7) was ap p l i e d t o the tr a y s i n the f o l l o w i n g 
way. 
I t was'said 
N = i n t e g r a l p a r t of (1.78K l n | — ( 4 . 8 ) 
where 
N i s the number o f p a r t i c l e s i n the b u r s t , i f one of the speci a l 
cases below does not apply, 
1.78 i s the a r b i t r a r y enhancement constant Q, 
K i s the number of adjacent columns w i t h a t l e a s t one f l a s h 
tube-discharged, 
L i s the average number of discharged tubes per l a y e r , i . e . 
£ tubes 
L g . (4.9) 
There are three s p e c i a l cases. 
1. I f K - L = 0, then i t was assumed t h a t 
1 I I I k ^ t I = 1 • ( 4 - 1 0 ) 
2. I f the r e s u l t of equation (4.8) y i e l d e d N = 0 then N 
was set equal t o 1. 
3. I f N from equation (4.8) was less than the number of 
groups then N was set equal t o the number of groups. 
When an event w i t h more than one group was analyzed, i t was assumed 
t o be one l a r g e group w i t h the empty columns between the groups not 
included. The value of N includes the muon so t h a t the b u r s t s i z e 
was N - 1. 
- 72 -
As an example of how t h i s method has been used, consider the 
bu r s t event a t l e v e l 1 i n Figure 4.3. This event contains three 
groups, where there are 31 adjacent columns of data (K = 31) and 
there are 124 tubes discharged i n the three groups 
(L « 124/8 = 1 5 . 5 ( t u b e s / l a y e r ) ) . From equation (4.7) 
31 
N = i n t e g r a l p a r t of(1.78 x 31 x I n ^ ,.• ) = 38 p a r t i c l e s . 
(4.11) 
Due t o the a r b i t r a r i n e s s of the constant and the unknown e f f e c t 
o f the non-uniform d e n s i t y , i t i s e s s e n t i a l t h a t t h i s method be 
c a l i b r a t e d . The c a l i b r a t i o n i s discussed i n Section 4.3.5. 
4.3.4 MAGNETIC FIELD EFFECTS ON THE PW0T0MUITTPLIERS 
To e l i m i n a t e the e f f e c t of the magnetic f i e l d on the 
acceptance, the f i e l d s i n the magnet blocks were reversed every 24 
hours. However, i t was discovered w h i l e comparing the pulse height 
d i s t r i b u t i o n s w i t h respect t o f i e l d t h a t despite the precautions 
taken t o s h i e l d the p h o t o m u l t i p l i e r s from the f i e l d s , there was a 
no t i c e a b l e e f f e c t on the p h o t o m u l t i p l i e r gains. 
A study has been c a r r i e d out t o look a t the e f f e c t on the. 
s c i n t i l l a t i o n counter pulse heights a t l e v e l s 1 and 3 as a f u n c t -
i o n of l a t e r a l p o s i t i o n of the event t r a c k i n the f l a s h tube t r a y s 
and as a f u n c t i o n of magnetic f i e l d . Each t r a y was d i v i d e d i n t o 
nine t e n - f l a s h - t u b e column c e l l s . The mean pulse height of un-
accompanied muons passing through each c e l l was determined. 
Figure 4.8 presents the r e s u l t s of t h i s study along w i t h t h i r d -
order polynomials f i t t e d to the s t a t i s t i c a l r e s u l t s by the l e a s t 
squares method. I t can be seen from t h i s f i g u r e t h a t there i s 
o en cn 
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FIGURE 4.8. The photomultiplier mean pulse height as a fmotion of tray 
position^ magnetic field and level presented with third order polynomial-
fits. .. 
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an e f f e c t . o f both p o s i t i o n and f i e l d . The negative f i e l d pulse 
heights were g e n e r a l l y l a r g e r than the p o s i t i v e f i e l d pulse heights. 
Figure 4.9 compares the polynomial f i t s at each l e v e l . 
Using the polynomials the pulse heights of a l l the events were 
corrected so t h a t the means of the pulse height d i s t r i b u t i o n s were 
equal t o the n o r m a l i z a t i o n p o i n t shown i n both f i g u r e s . The norm-
a l i z a t i o n p o i n t was a r b i t r a r i l y s elected t o be the maximum value 
a t each l e v e l . 
The polynomial f i t was of the form 
Y = aX 3 + bX 2 + cX + d* (4.12) 
where X i s the p o s i t i o n of the t r a y determined by t a k i n g the mid-point 
i n the group or groups, 
Y i s the mean pulse h e i g h t expected from equation (4.12). 
The c o r r e c t i o n was then 
PHg =|PH o (4.13) 
where 
PHJJ i s the c o r r e c t e d pulse h e i g h t 
PH Q i s the measured pulse h e i g h t 
Y i s as defined above 
Z i s the n o r m a l i z a t i o n p o i n t : f o r l e v e l 1 Z = 35.18, f o r 
l e v e l 3 Z = 32.65. 
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FIGURE 4.9. The polynomial fits to the mean pulse height as a 




COEFFICIENTS OF POLYNOMIALS V1TTEV [EQUATION [4.12)) 
a b c d 
+ F i e l d -4.21 X i c f 5 2.74 x 10 - 3 7.51 X i c f 2 24.72 
Level 1: — f i _ o 
- F i e l d 1.84 X 10 6 -3.70 x 10 2.90 X 10 29.39 
+ F i e l d 5.84 X lo" 5 -8.60 x 10~3 2.92 X 10"1 25.58 
Level 2: 
- F i e l d 13.21 X 10"5 1.10 x 10 t 3 9.28 X io~ 2 29.17 
4.3.5 CALIBRATION OF THE FLASH TUBE PETERMINEP BURST S I Z E 
Using the d e f i n i t i o n of unaccompanied p a r t i c l e s , the s i n g l e 
p a r t i c l e pulse h e i g h t d i s t r i b u t i o n i n the s c i n t i l l a t i o n counters 
has been determined by s e l e c t i n g the pulse heights associated w i t h 
these s i n g l e muons only. Figures 4.10 and 4.11 are the s i n g l e 
p a r t i c l e d i s t r i b u t i o n s a t the experimental l e v e l s . I n t h i s sect-
i o n they w i l l be used t o c a l i b r a t e the f l a s h tube t r a y s . I n a 
l a t e r s e c t i o n they w i l l be used t o cor r e c t the i n t e r a c t i o n run 
data. 
A l l the pulse h e i g h t data has been di v i d e d i n t o p a r t i c l e number 
c e l l s according to the f l a s h tube method described i n Section 4.3.3.' 
The means of these d i s t r i b u t i o n s were then d i v i d e d by the mean of 
the s i n g l e p a r t i c l e d i s t r i b u t i o n t o determine the mean number of 
p a r t i c l e s i n the c e l l ( i n c l u d i n g the muon). 
MODE 
400 Single particle 
LEVEL 1. pulse height 
distribution 
MODE: 18 98 * 0 32 
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FIGURE 4.10. The single -particle pulse height distribution at level 1. 
— f — , 1 i I — r — | — t — . I 
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300 
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FIGURE 4.11. The single -particle pulse height distribution at level 3. 
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I t has been assumed that every p a r t i c l e which passes through 
a s c i n t i l l a t o r w i l l produce i d e n t i c a l pulse height d i s t r i b u t i o n s . 
This implies that the N p a r t i c l e d i s t r i b u t i o n i s the same as f o l d -
ing N single p a r t i c l e d i s t r i b u t i o n s together. I t follows 
that the mean of the N p a r t i c l e d i s t r i b u t i o n w i l l be N multiplied 
by the single p a r t i c l e mean. . 
The resu l t of t h i s c a l i b r a t i o n can be seen i n Figures 4.12 and 
4.13. By using a weighted least squares f i t t i n g procedure a 
linear equation of the form 
ax + b = y (4.14) 
has been f i t t e d . Each point was weighted inversely as the square 
of i t s errors. The resul t of the f i t i s : . 
For Level 1: y = 1.08x - 0.46 (4.15) 
For Level 3: y = 1.59x - 0.24 (4.16) 
where 
y i s the predicted number of particles i n the burst (exclud-
ing the muon) 
x i s the number as determined by the flash tubes. 
These curves are also presented i n the figures. 
As can be observed the flash tube method provided good results 
for level 1 and underestimated the. numbers by ^  60% at level 3. 
The discrepancy between the two levels i s not unexpected. The 
reje c t i o n e f f i c i e n c i e s f o r a single muon are d i f f e r e n t for each 
tray. . Monte Carlo calculations predict ^ 5 flash tubes per track 
on average. Figure 4.14 contains plots of the average number of 
discharged tubes per track f o r the two trays. Level 1, as might 
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FIGURE 4.12. The flash tube particle number calibration data with 
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FIGURE 4.13. The flash tube partiole number calibration data with 
weighted linear f i t . 
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low. This ine f f i c i e n c y i s v i s u a l l y observable i n EAS and large 
burst events. For example, layers 3 and 5 i n the burst at level 
3 i n Figure 4.2 show marked i n e f f i c i e n c i e s . 
Within the experimental errors the f i t s seem to be good. The 
error i n the f i t has been estimated at *v 50% at 1 p a r t i c l e to < 10% 
at > 8 p a r t i c l e s . 
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TABLE 4 . 2 
CALIBRATED BURST SIZE 
Flash Tube Corrected Corrected 
Determined Burst Size Burst Size 
Burst Size Level 1 Level 3 
1 0.62 1.36 
2 1.71 2.95 
3 2.79 4.55 
4 3.87. 6.14 
5 4.96 7.73 
6 6.04 9.33 
7 7.12 10.92 
8 8.20 12.52 
9 9.29 14.11 
10 10.37 15.70 
11 11.46 17.30 
12 12.54 18.89 
13 13.62 20.48 
14 14.70 22.08 
15 15.79 23.67 
20 21.20 31.64 
25 26.62 39.61 
30 32.04 47.58 
- 78 -
CHAPTER 5 
THE INTERACTION CHARGE ASVMMETRV 
5.J INTRODUCTION 
The inte r a c t i o n charge asymmetry has been studied as a funct-
ion of muon incident energy and the burst size at both levels 1 
and 3. Three techniques have been employed. The f i r s t has been 
the conventional method of simply counting the number of events of 
a given burst size and comparing the charge r a t i o with that for 
incident muons. The second method has been to estimate the r a t i o 
of the means of the pulse height distributions for positive and 
negative .muon events as a function of burst size and to compare 
them w i t h the expected res u l t of unity. The t h i r d method has been 
to study the pulse height d i s t r i b u t i o n s i n d e t a i l by dividing them 
into s i x sections. An excess of positive or negative events has 
been looked for i n each section. 
5.2 METHOD J : THE INTERACTION CHARGE RATIO 
A l l of the events have been divided into four energy bins 
(7-14 GeV, 14-54 GeV, 54-204 GeV, > 204 GeV) and into f i v e burst 
size c e l l s as determined by the flash tubes (0, 1, 2-4, 5-10, > 10 
p a r t i c l e s ) . For each of these energy-burst size bins a charge 
r a t i o has been found by using equation (5.1). 
R - N+/N_ (5.1) 
- 79 ~ 
where: 
R i s the charge r a t i o 
N. ,N are the number of positive and negative events respect-
i v e l y for each bin. 
The error on the charge r a t i o can be shown to be 
d R "a(^: + c)* • 1 < 5 , 2 ) 
The data and the numerical results of this analysis are given 
i n tabular form i n Tables 5.1a,b,c,d,e,f. I n Figure 5.1 are the 
graphical results as a function Qf burst size, incident muon energy 
and l e v e l . These results are compared with the charge r a t i o for 
a l l muon events observed i n the spectrograph (1.254 ± 0.014). (This 
charge r a t i o appears low because of. the momentum selector contamin-
ation. The charge r a t i o excluding the high momentum data i s 
1.292 ± 0.018.) The errors presented are s t a t i s t i c a l . 
There i s no evidence i n the results from t h i s method that 
would support an interaction charge asymmetry either positive or 
negative. The only oddity occurs i n the single muon plot (Figure 
5.1a) where there appear to be too few positive muons of energy 
> 204 GeV. Although the point i s low by about two standard dev-
i a t i o n s , i t i s considered to be s t a t i s t i c a l . 
5.3 METHOD 2: THE RATIO OF MEAW PULSE HEIGHTS FOR POSITIVE AWP 
NEGATIVE EVENTS 
. This method of analysis has been to look at the r a t i o of mean 
pulse heights for positive and negative events as a function of 
burst size and muon energy. I f muons of di f f e r e n t charges interact 
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d i f f e r e n t l y , i t would be expected that the corresponding pulse 
height d i s t r i b u t i o n s would be of di f f e r e n t shapes, producing d i f f e r -
ent means for the same c l a s s i f i c a t i o n of events. s 
The data have been divided into the same bins as for Method 1 
(four energy bins and f i v e burst size bins). For each bin at 
each experimental le v e l the pulse height distributions have been 
determined separately for positive events and for negative events. 
A r a t i o R' has been defined as 
R\ = M+/M_ (5.3) 
where M+,M_ are the mean pulse heights for positive and negative 
events respectively. The error.dR' can be shown to be 
dM 9 dM , 
dR. = R ' [ ( - i i ) Z + ( - ^ ) 2 ] * . (5.4) 
dM+, dM_ are the s t a t i s t i c a l l y determined error on the mean pulse 
heights f o r positive and negative events respectively. 
The data and the numerical results of t h i s analysis are given 
i n tabular form i n Tables 5.1a,b,c,d,e,f. I n Figure 5.2 are the 
graphical results as a function of burst size, incident muon energy 
and l e v e l . The errors presented are s t a t i s t i c a l . 
From this analysis, as with the previous analysis, there i s 
no evidence which would support either a positive or a negative 
interaction charge asymmetry. 
5 . 4 METHOD 3: COMPARISON OF THE PULSE HEIGHT DISTRIBUTIONS FOR 
P O S I T I V E AND NEGATIVE EVENTS 
As a basis f o r t h i s method of analysis i t has been assumed 
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another, t h i s difference would be reflected i n the shape of the 
pulse height d i s t r i b u t i o n s . For t h i s analysis the data has been 
divided i n t o four energy bins (7-14 GeV, 14-24 GeV, 24-54 GeV, 
> 54 GeV) and int o four flash tube burst size cells (0, 1, 2-5, 
> 5 p a r t i c l e s ) . To improve the s t a t i s t i c s the data from both 
experimental levels have been combined. This means that due to 
the d i f f e r e n t c a l i b r a t i o n curves'at levels 1 and 3, the burst cells 
overlap s l i g h t l y (the burst size c e l l s are 0, 1-2, 2-7, > 5 part-
icles) . The pulse height distributionSfor positive and negative 
events-feas been determined; the area of the positive distributions 
has been normalized to the negative d i s t r i b u t i o n s , and both d i s t r i -
butions were divided in t o s i x sections (1-20, 21-50, 51-100, 101-
200, 201-400, 401-1000 MPHA c e l l s ) . For each section a charge 
excess Q has been calculated using equation (5.5) 
CN+ - N 
where: 
N ,N are the number of events i n the section of positive and 
negative events respectively, 
C i s the inverse charge r a t i o f o r the entire d i s t r i b u t i o n . 
This normalizes the positive d i s t r i b u t i o n to the negative 
d i s t r i b u t i o n . 
The error on the excess, dQ, can be shown to be approximately 
2 
+ — 
The results of t h i s analysis are presented i n Figure 5.3-5.8* 
Figure 5.3 gives the results for the a l l events data as a function 
of magnetic f i e l d . I t can be seen that there i s no magnetic f i e l d 
e f f e c t . Figures 5.4-5.7 present the results as a function of burst 
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size, incident muon energy and MPHA section. The s o l i d c i r c l e s 
(@) are plot t e d at the mean of the MPHA section. Figure 5.8 cont-
ains the results f o r a l l the data over a l l energy ranges. 
The p l o t of a l l accepted events (Figure 5.8) shows a marked 
structuring as would be expected i f there were a charge asymmetry. 
Section 1 (MPHA ce l l s 1-20) has too few pulse heights for posit-
ive events by about four standard deviations. This implies that 
positive events tend to produce larger pulse heights ( i . e . more 
bursts). This positive ef f e c t can be seen i n MPHA sections 3, 4 
and 5. 
However, from inspection of.Figures 5.3-5.7 two observations 
can be made. F i r s t , the only other figures which also show thi s 
asymmetry are the single muon one (Figure 5.4) and the 1-2 accomp-
anying p a r t i c l e one (Figure 5.5), which i t s e l f w i l l contain a 
high percentage of single muons with knock-on electrons i n the 
flash tube trays. Second, Figure 5.3, the p l o t of the f i e l d depend-
ence of the excess fo r the a l l events data, does not show any 
structuring, or any tendency for structuring. I n f a c t , the high 
momentum data i s the only set of data to contain t h i s structuring. 
This strongly suggests that there i s a systematic effect produced 
by the momentum selector. 
I t has become apparent upon investigation that not only i s such 
a systematic e f f e c t possible, but i t i s strongly supported by the 
pulse height data. The f i r s t MPHA section ( c e l l s 1-20) was made 
to end approximately at the mode of the single p a r t i c l e pulse height 
d i s t r i b u t i o n (see Figures 4.10 and 4.11). I f , for some reason, the 
pulse height d i s t r i b u t i o n or a component of the d i s t r i b u t i o n were 
to s h i f t to the r i g h t (towards larger pulse heights) by an amount 
of about 10-20% (possibly due to an increase i n path length i n the 
s c i n t i l l a t o r s ) , the excess i n t h i s section could be great due to 
- 83 - . 
the fast r i s i n g edge of the d i s t r i b u t i o n . A small s h i f t could 
result i n the loss of a large percentage of the par t i c l e s . I t 
would be expected, however, that positive and negative events would 
be sh i f t e d by the same amount, except i f there were a bias on the 
basis of charge. The momentum selector has such a bias. The 
contamination from the 'zero' b i t l i n i n g up with other cells (see 
Section 3.2.2.2) i s such that i t only accepts negative contaminat-
ion i n a negative f i e l d and positive contamination i n a positive 
f i e l d . Based on the accepted charge r a t i o , the data shows that 
the momentum selector accepts 5T^* times the expected number of pos-
i t i v e events i n a positive f i e l d and negative events i n a negative 
f i e l d . 
I t i s reasonable to expect that the contamination particles 
w i l l tend to pass through the trays and s c i n t i l l a t o r s i n localized 
directions and localized areas, either.*B* both of which could super-
impose a shif t e d d i s t r i b u t i o n on top of the expected one with ^1.7 
times the number of events. Comparing the ' a l l events' pulse 
height d i s t r i b u t i o n s and the 'high momentum' pulse height d i s t r i b u t -
ion, i t was found that the means of the 'high momentum' distributions 
were high by ^  15-25%. 
Using the single p a r t i c l e distributions corresponding to the 
high momentum data and the a l l events data, and the above percent-
ages, the expected possible charge excesses i n c e l l s 1-20 have been 
calculated. The extreme cases correspond to an excess between 
-0.17 to -0.26. The actual measured excesses fo r the high momentum 
data were -Q.19 ± 0.04 at level 1 and -0.22 ± 0.05 at level 3. 
I t i s , therefore, believed that there i s no anomalous energy 
loss e f f e c t by single muons, but that the effect observed i s symptom-
a t i c of the high momentum data only. There i s no evidence among 
- 84 -
the burst d i s t r i b u t i o n s (Figures 5.6 and 5.7) to support an i n t e r -
action charge asymmetry. 
5.5 CONCLUSIONS 
Three methods have been employed to study the data i n the 
search f o r any evidence td support an interaction charge asymmetry. 
Two of the methods have not been previously employed. Although the 
results of the t h i r d method showed some structuring, i t i s consid-
ered to be due to a specific class of single muons and has been 
shown to be systematic* 
I t i s concluded, based on the results of the three methods, 
that there i s no evidence to support a charge asymmetry i n the 
inter a c t i o n cross-sections of muons. 
5.5.J COMPARISON WITH PREVIOUS RESULTS 
The two experimental methods.using the pulse height d i s t r i -
butions cannot be compared d i r e c t l y with previous results, except 
i n so fa r as they do not support the charge asymmetry found by 
Neddermeyer et a l . (1961,1965,1967), Allkofer et a l . (1971), Ayre 
et a l . (1970) and Sheldon et a l . (1973). 
The f i r s t method using the charge r a t i o of interaction events 
can be compared. I n th i s experiment observations have been made 
under a very thick i r o n absorber. I t , therefore, has not been 
possible to determine the energy transferred to the shower which 
i s observed. I t i s only possible to say (as per calculations done 
i n Section 6.3.1) that the mean shower age is about shower maximum 
and the mean energy per observed p a r t i c l e i s , very loosely speaking, 
- 85 -
about 1 GeV per p a r t i c l e . Using t h i s r e s u l t , the energy transfer-
red per burst size c e l l has been roughly estimated i n an attempt 
to provide a method of direc t comparison with previous results. 
TABLE 5.2 
THE INTERACTION CHARGE AS/MMETRy (METHOD J) AS A FUNCTION OF 








0 (Muon) - 1.002 ± 0.018 
1 1 0.969 ± 0.039 
. 2-7 4 1.047 ± 0.041 
5-16 7 0.988 ± 0.061 
> 10 10 0.924 ± 0.094 
Table 5.2 presents the combined results from both experimental 
levels. The overall asymmetry for bursts of greater than 2 part-
icl e s i s 1.020 ± 0.032. I n Figure 5.9 are the previous results 
along with the results from the f i r s t method of this experiment. 
I t i s useful to present ideas as to why some experiments have 
found such marked asymmetries. The f i r s t results of the MARS 
spectrograph (Ayre et a l . 1970) have been largely attributed to 
poor s t a t i s t i c s and a possible misalignment of the spectrograph. 
This view i s supported by the second results from the spectrograph 
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Grupen (1974) suggests that a possible explanation for the 
asymmetry i n some experiments, p a r t i c u l a r l y those of Neddermeyer 
et a l . (1961,1965,1967) and Sheldon et a l . (1973), may be due to 
proton contamination. Most experimenters assume the proton f l u x 
at ground level to be ne g l i g i b l e . This is not the case i f one 
compares the fact that only about 2% of muons interact while about 
100% of protons w i l l i n teraction i f they can get into the apparatus. 
% -2 
Neddermeyer et a l . have *v» 400 g cm of lead shielding and Sheldon 
et a l . have no shielding. Grupen has shown by using the proton 
f l u x at ground l e v e l that i t i s possible to obtain an interaction 
charge r a t i o of 1.40. A l l experiments showing no asymmetry have 
-2 
i> 1000 g cm or more of shielding or are accelerator experiments. 
The only experiment for which i t '.is hard td. provide any plaus-
i b l e explanation i s the resul t (1.23 ± 0.11) of Allkofer et a l . 
(1971). " Their apparatus was i n the horizontal with *V/ 2400 g cm 
of shielding. However, t h i s r e s u l t may be at t r i b u t a b l e to s t a t -
i s t i c s i n t h e l i g h t of the most recent Allkofer experiment (Allkofer 
et a l . 1974) which obtained an asymmetry r a t i o of 1.00 ± 0.04. 
CHAPTER 6 
THE THEORETICAL BURST SPECTRUM 
6.1 1NTROVUCT10N 
The discussion i n t h i s chapter w i l l concern i t s e l f with the 
calculation of the theoretical burst spectrum expected at the bottom 
of the magnet blocks at levels 1 and 3, the experimental levels. 
—2 
Each magnet block contains 969 ± 40 g cm of iron (Well 1972), i.e. 
69.7 ± 2.9 radiation lengths. To muons of energy i n excess of 
10 TeV each fthe magnet appears as an i n f i n i t e i r o n target (neglect-
ing energy loss). Although the treatment given here i s not complete, 
i t i s considered adequate. Three assumptions have been made. 
1. For the numerical integrations performed the blocks have.been 
divided i n t o 70 thicknesses•of 1 radiation length. For each radiat-
ion length the cross-sections for the processes occurring have been 
considered to remain constant. The effect of t h i s , i f any, w i l l 
make the resul t s l i g h t l y low. 
2. I t has been assumed that the p a r t i c l e detectors being considered 
are immediately below the magnet block. This i s not the case, see 
Figures 3.1 and 3.2.•• This assumption implies that the matter bet-
ween the detector*and the magnet block i s assumed to behave as i f 
i t were i r o n . 
3. Transition effects have been ignored. 
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6.2 CONSIDERATIONS IN THE CALCULATION OF THE BURST SPECTRUM 
6.2.1 SHOWER PEl/ELOPMENT 
The shower curves used here were taken from work done by 
Ivanenko and Samosudov (1959,1967). Figure 6.1 presents the family 
of cascade curves for i r o n ( c r i t i c a l .energy E £ = 21 MeV), for minimum 
electron energy of 3.21 MeV, for various energies (Efc) of the i n i t -
i a l p a r t i c l e (electron or photon). Two useful properties can be 
observed by comparing the series of curves presented i n Ivanenko 
and Samosudov (1967). F i r s t , i f , t h e families of curves f o r mini-
mum electron energies of 3.21 MeV and 32.1 MeV (a factor of 10)-are 
compared, i t can be noted that the energy transferred curves s h i f t 
0 5 
by a factor ^ 10 * . I f N(E t,t,E M I N) represents the family of 
curves i n Figure 6.1 (i.e.- N pa r t i c l e s of > are observed at a 
depth t from an energy transfer of E t ) , then th i s observation says 
that N(E t,t,32.1 MeV) = N(10~°'5Et,t,3.21 MeV). Assuming that 
t h i s property holds for any E M I N (3.21 MeV < E ^ < 32.1 MeV) , i t 
i s possible to define any family of curves from the 3.21 MeV family. 
N(E t,t,E M I N) = N(AEt,t,3.21 MeV) C6.1) 
where 
E. 
A = ( ^ f ) " 0 ' 5 * e" 1' 1 5 1 loSlOCW3-21> . (6.2) 
Second, the difference between a photon and an electron i n i t i a t e d 
shower i s that on average the photon i n i t i a t e d shower begins to 
develop ^ 0.5 radiation lengths l a t e r than the electron i n i t i a t e d 
one. From t h i s observation, i f an electron i n i t i a t e d shower i s 
given by N(E^.,t,E^.^) , then the photon i n i t i a t e d one i s given by 
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FIGURE 6.1. Shorter development curves. 
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Because of the method used i t i s not important to know how 
many part i c l e s are produced, but what size energy transfer (E t) i s 
required at a depth t from the bottom of the magnet block to prod-
uce N p a r t i c l e s . Once the Ivanenko-Samosudov shower curves have 
been stored on f i l e i n the computer, the inverse function determin-
ing the energy transfer required (Efc) to produce N particles at a 
depth t can be found numerically. 
V^'W (6-3) 
f o r electron i n i t i a t e d showers and 
E t(N,t-0.5,E M I N) (6.4) 
f o r photon i n i t i a t e d showers. 
Figure 6.2 presents these inverse functions f o r various shower 
sizes. • 
6.2.2 ENERGY LOSS IN IRON 
Since MARS consists of 3876 ± 20 g cm"2 of iron (Wells 
1972), energy loss must be taken into account i n order to produce 
an accurate burst spectrum. The energy loss curves used here are 
a l l numerical integrations of the cross-sections discussed and 
presented i n Chapter 2 and Appendix A. Because the ionization 
(knock-on) cross-section was only calculated from energy transfers 
of 1 MeV th i s curve was normalized to CERN results (Serre 1967) at 
a muon energy of 1 GeV. 
The bremsstrahlung energy loss i s l i k e l y to be s l i g h t l y low; 
energy transfers.less than 1 MeV have been ignored. Direct pair 
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FIGURE 6.2. The energy transfer required to -produce a shower of size E a 
function of depth from shower initiation. 
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lowest energy transfer to the pair i s 10 MeV. I n the calculation 
of energy loss due to photo-production the resonance peak has been 
ignored; i t i s expected to be low by 50-100%, but loss due to t h i s 
process i s negligible. 
Figure 6.3 i s a graphical presentation of the energy loss by 
each of the four processes and of the tota l energy loss.. A table 
of the contribution by each process i s given i n Table 6.1. These 
r e s u l t s have been compared to the r e s u l t s of various authors as 
compiled by Hayman, Palmer and Wolfendale (1963) by a conversion 
to standard rock. There i s general agreement for a l l processes. 
I f E L ( E ) represents the energy loss in iron, then the energy 
( E ) of a muon (of incident energy E q ) as a function of depth (X) 
can be i m p l i c i t l y defined by 
\ l E W T = ( / X = X - > < 6- 5> 
o 
To solve for E requires some i t e r a t i v e process. I f , over short 
depth (AX) the energy loss i s considered constant then i t i s poss-
i b l e to find E ( E Q , X ) using a recursive function 
E ( E ,AX) - E - E L ( E )AX o o o 
E ( E ,2AX) = E ( E ,AX) - E L ( E ( E ,AX))AX 
o o o (o.oj 
E ( E Q , 3 A X ) = E ( E Q , 2 A X ) - E L (E ( E Q , 2AX)) AX 
• • • 
• • • 
• • • 
E<E Q,X) = E(E Q,NAX) = E ( E q , ( N - l ) A X ) - E L ( E ( E Q , ( N - 1 ) A X ) A X 
where 
X = NAX . 
Note also that for convenience, the energy can be defined i n terms 
of depth from the bottom of a magnet block, i . e . (X = 70 - t) 
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TABLE 6.1 
CALCULATEP EMERGE LOSS IW IRON BY MUOHS 









1.0 1.577 0.000 0.000 0.000 1.577 
2.0 1.664 0.001 0.000 0.000 1.665 
4.0 1.755 0.004 0.002 0.000 .1.762 
7.0 1.817 0.008 0.006 0.001 1.832 
10.0 1.860 0.013 0.010 0.002 1.885 
20.0 1.932 0.022 0.032 0.003 1.989 
40.0 2.002 0.061 Oi086 0.009 2.158 
70.0 2.051 0.125 0.180 0.017 2.373 
100.0 2.081 0.192 0.282 0.025 2.580 
200.0 2.112 0.269 0.650 0.038 3.069 
400.0 2.178 0.757 1.439 0.094 4.468 
700.0 2.223 1.508 2.669 0.176 6.576 
1000.0 2.250 2.272 3.931 0.261 8.714 
2000.0 2.277 2.285 8.154 0.391 13.107 
4000.0 2.342 8.056 16.798 0.950 28.146 
7000.0 2.387 15.877 29.812 1.779 49.855 
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FIGURE 6.3. Energy loss by muons in iron as a function of muon 
energy. 
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E'(E ,t) = E(E ,70-X) . (6.7) o o 
6.2.3 THE PARTICLE PROBABILITIES 
I t i s now possible with the information given to find the 
probability of N p a r t i c l e s of minimum energy E ^ ^ being detected at 
the bottom of a magnet: block from a muon of incident energy E Q . 
The probability ,($) of obtaining an energy transfer E T anywhere i n 
a magnet block i s given by 
* ( E , E )dE = f a ( E \ E t)dE dt (6.8) 
0 C 'block . 
where a i s the cross-section of the process (RO, BKEM, DPP or photo-
production) and E 1 i s the energy of the muon at the depth of the 
energy transfer. Substituting equation (6.3) (assume for now that 
the shower i s electron i n i t i a t e d ) and also substitute equation (6.7) 
$(E o,N)dE t = [ a [ E ' ( E o , t ) , E t ( N , t , E M I N ) , t ] d E (N,t,E )dt. (6.9) 
iblock 
To f i n i s h the transformation multiply by dN/dN to obtain 
$ ( E o ,N) dN = a [E» ( E Q , t) ,E t (N, t , E M I N ) , t| — dtdN . (6.10) 
•'block 
Re-define 
dE (N,t,E ) 
4>(Eo,N,t) = a [ E ' ( E o , t ) , E t ( N , t , E M I N ) , t ] — ^ — . (6.11) 
Therefore, 
$(E ,N)dN = ( ())(E ,N,t)dtdN . (6.12) 
° ^ l o c k ° 
Equation C6.12) i s the probability of obtaining N p a r t i c l e s out of 
a magnet block of MARS from an incident muon of energy E Q . 
<|> besides being the complex function stated i n equation (6.11) 
i s also 
d E t d E t d E t d E t 
* = °K0 "dN~ + aBREM "dN~ + °DPP ~W + °PN ~W * ( 6 
I n the' calculation of the p r o b a b i l i t i e s each one of the above cross-
sections had to be considered separately. 
1. The knock-on (KO) cross-section was straightforward. One electron 
i s produced, and i s assumed to i n i t i a t e a shower. 
2. The bremsstrahlung process (BSEM) i s assumed to produce a single 
photon and then af t e r t r a v e l l i n g 0.5 radiation lengths a shower i s 
i n i t i a t e d as per the observation i n Section 6.2.1. 
3. The dire c t pair production (DPP) process produces two electrons. 
As can be seen i n Figures 2.11a,b,c,d,the distribution of energy to 
the pair v a r i e s with the muon energy E and the energy transferred ( E f c ) . 
For s i m p l i c i t y the generalization was made that for E t > 0.1E the 
production i s completely asymmetric. One p a r t i c l e receives the 
entire energy transfer and i n i t i a t e s a single shower. I f E f c < 0.1E, 
the production i s assumed to be symmetric. Each p a r t i c l e receives 
0.5E t and two showers develop. 
4. I t was assumed that the contribution from photo-production (PN) 
i s very small. I t was not included i n the calculation. 
I n the calculations, the minimum electron energy was assumed to 
be the energy required for an electron to traverse 0.5 of one of the 
-2 
measuring trays (3.76 ± 0.49 g cm , Wells 1972). This minimum energy 
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has been calculated using equation (6.14) obtained from Evans (1971) 
E ( M e V ) R ( I ° ? c m33> > 1 0 6 . C6.14) 
R i s the range i n the material, and E i s the energy required. 
EHIN a 7 M e V * C 6 , 1 5 ) 
The r e s u l t s of t h i s calculation of p a r t i c l e probabilities out 
of a magnet block of MARS are presented i n Figures 6.4, 6,5, 6.6, 6.7 
and 6.8. Figure 6.4 shows the contribution to the p a r t i c l e probab-
i l i t i e s of the three interaction processes f.or a 100 GeV muon. Fi g -
ure 6.5 also uses a 100 GeV muon to i l l u s t r a t e the probability of , 
producing N p a r t i c l e s as a function of depth i n the magnet block. 
The d i f f e r e n t i a l probability of obtaining N p a r t i c l e s out of a magnet 
block as a function of incident muon energy i s shown i n Figure 6.6. 
Figure 6.7 presents the integral probability of producing > N part-
i c l e s at the bottom of a block as a function of energy. Figure 6.8 
i s a plot of the areas where a p a r t i c u l a r process i s dominant with 
respect to muon energy and the number of par t i c l e s observed. 
6.2.4 THE VERTICAL WON SPECTRUM 
-1 —2 -2 -1 
The spectrum used (S(E)dE muons s cm sr GeV ) was 
the r e s u l t of experimental and theoretical work done by Whalley (1974) 
He conducted an experiment to determine the v e r t i c a l spectrum between 
20 GeV and 500 GeV. He did a le a s t squares f i t to his data, see 
equation (6.20). 
Below and above h i s spectrum, he extrapolated using a derivat-
ion from the kaon and pion spectra using the method of Bull et a l . 
(1965). He derived an equation of the form 
10 f — r ~ r- j T 
100 GeV muon incident 
of a magnet block 
of MARS. 
10' 
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FIGURE 6.4. The differential probability of producing a burst of N 
particles for a 100 GeV muon. 
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FIGURE ,6.5. The differential probability of producing a burst on N 
particles for q. 100 GeV muon as a function of depth from the bottom of 
magnet block.. ' 
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FIGURE 6.6. The differential probability of observing N particles at 
the bottom of a magnet block as a function of incident muon energy 
(unfluctuated). 
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FIGURE 6.7. The integral probability of observing > N particles' at the 
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FIGURE 6.8. Regions of dominant interaction processes as a function 
of burst size and muon energy (unfluctuated). 
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Y-l -1 Y - r . B Kr B 
S(E)dE • AP u(E + AE) T[ E + ^ ^ * E + AE + \ ) C 6 ' 1 6 ) 
where 
A i s the normalization constant 
E i s the muon energy 
E
y 2 
l ? u = -g-^ -) V U TOP t the minimum survival probability 
M yo y 
y Q,y are the atmospheric depth at sea-level and the observation 
point respectively 
E ,E ,Ejgp-are the muon energies at sea-level, observation and 
^o ^ 
top of the atmosphere . 
2 
M c i s the muon r e s t mass, 105.655 MeV 
2 M_c i s the pion r e s t mass, 140 MeV IT . R ' 2 
M^c i s the kaon r e s t mass 
p(y) ,is the atmospheric density at depth y 
T i s the muon mean l i f e 
—8 
T^.is the pion mean l i f e , 2.60 x 10 s 
i s the kaon mean l i f e 
y i s the exponent of the kaon,pion spectrum (AE T) 
AE i s the energy l o s t i n production 
r v i s approximately the mean of the pion or kaon energy 
IT, K. 
dis t r i b u t i o n 
Bir,K " rTT,Kb^ir,K 
b = 0.771 - a factor introduced by Smith and Duller (.1959) 
2 
M T T , K c y 0 
K i s the pion to kaon r a t i o , - 0.15. 
The resultant a n a l y t i c spectrum i s 
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For E < 20 GeV 
S(E)dE = 0.1815Pwfc + A E ) - 2 ' 6 4 5 [ E M t , +
2%°l\50l^ C6.17) 
AE - 2 . 3 3 3 + 0 . 0 0 2 3 E ( 6 . 1 8 ) 
/ 0 . 0 9 6 8 E , ( l - 0 2 7 / ( E + 1 . 1 0 7 A E ) ) 
p y = ( - F T T E - ) ( 6 - 1 9 ) 
For 20 GeV < E < 500 GeV 
S(E)dE = -^-[-0.5236 + 0.3659 ln|E| - 0.0445(ln|E | ) 2 + 0.0008(ln|E | ) 3 ] 
(6.20) 
For E > 500 GeV 
S0»dfi - 0.1187P y(E + A E ) - 2 - 5 6 [ E + 5 ^ 6 f 9 Q + E +Vl\sO^ ' (6*21> 
_ i _2 - i - i A l l units are muon s cm s r GeV . 
To define the spectrum S'(E)dE for the spectrograph the accept-
ance, must be taken into account. 
S'(E)dE = A(E)S(E)dE (6.22) 
where A ( E ) " i s the acceptance function defined i n Section 3.3.2. F i g -
ure 6.9 presents the muon spectrum as seen at le v e l s 5, 3 and 1. 
The mean muon energy incident on the spectrograph i s 24 GeV at a rate 
of 0.321 muons s \ 
10 
1 t 
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MUON MOMENTUM AT LEVEL GeV/c 
FIGURE 6.9. The muon momentum spectrum at levels ls 3 and 5 of the 
MARS spectrograph. 
6.3 THE BURST SPECTRUM 
Using the re s u l t s of the l a s t two sections, the rate (R^(N)dN) 
of observing bursts of s i z e N at any l e v e l (L) i n the MARS spectro-
graph has been calculated using the equation 
E 
R£(N)dN - [ 2 
. J E I 
C6. $ ( E ( E ,X L_ 1),N)S'(E )dE dN 
A l l functions are as previously stated. ^£_i * s t^ i e d e P t n o r iron 
to the l e v e l above the measuring l e v e l . E^,E2 define the section 
of the muon energy spectrum of i n t e r e s t . 
The burst spectrum was calculated for the following energy ranges 
which correspond to the energy c e l l s used for the analysis of the 
data: 
1. 7 GeV < E < 14 GeV o E o 
'v 11 
2. 14 GeV < E < 54 GeV o E o 
<\> 24 
3. 54 GeV < E < 204 GeV o E o 
'v 86 
4. 204 GeV < E < 604 GeV o E o 
<\> 298 
5. 604 GeV < E q < i n f i n i t y E o 
»v 1005 
h. 7 GeV < E O < i n f i n i t y " E o 
< ^ 24 
The r e s u l t s of th i s calculation are reported i n Tables 6.2 and 
6.3 and i n Figure 6.10. I t can be seen that for incident energies 
> 54 GeV the spectra are almost the same (< 5% difference) at the 
two l e v e l s . 
10' I I 
Unfluctuated Unfluctuated 
Burst Spectra Burst Spectra 
LEVEL 1. LEVEL 3. 
f f a. 7GeV<E<U GeV 
b. 14GeV<E<54 GeV 
10 d.204GeV<E<604GeV 
e.E>604GeV 
1 E>7 GeV 
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LEVEL 1 BURST SPECTRA [UMVLUCTUATEV] 
R'[H)dU EVENTS s~1 ACCOMPANYING PARTICLE" 1 
7-14 GeV 14-54 GeV 54-204 GeV 204-604 GeV > 604 GeV > 7 GeV 
0 1.22 X io~ •1 1.71 X IO- 1 1.72 X l o " 2 9.76 X lO" 4 7.21 X l o " 5 3.11 X 10"1 
1 1.36 X 10" •3 5.41 X l o " 3 9.11 X i o - 4 8.28 X 10"5 1.01 X l o " 5 7.81 X lO" 3 
2 1.70 X 10" •6 9.92 X l o " 4 2.90 X. i o - 4 3.77 X i o ~ 5 5.30 X i o - 6 1.34 X i o - 3 
3 7.23 X 10" •16 2.70 X i o " 4 8.32 X i o " 5 1.78 X i o " 5 2.82 X i o - 6 3.75 X i o - 4 
4 3.43 X 10" •28 1.08 X IO" 4 3.90 X 10"5 7.92 X i o - 6 1.67 X i o - 6 1.55 X lO" 4 
5 5.90 X i o " 5 2.35 X IQ" 5 4.23 X 10"6 1.11 X 10"6 8.71 X 10"5 
6 2.80 X 10~5 1.49 X l o " 5 2.74 X i o - 6 6.61 X 10~7 4.65 X lO" 5 
7 1.94 X i o " 5 1.04 X 10"5 1.94 X i o " 6 4.68 X i o " 7 3.22 X 10"5 
8 1.35 X 10"5 7.75 X i o ~ 6 1.45 X l o " 6 3.63 X i o ~ 7 2.29 X 10"5 
9 8.41 X i o - 6 6.42 X i o " 6 1.11 X i o " 6 2.95 X 10~7 1.62 X 10"5 
. 10 - 5.41 X l o " 6 5.01 X i o " 6 8.85 X l o " 7 2.44 X 10~7 1.15 X 10"5 
20 5.13 X i o " 7 1.10 X i o - 6 2.03 X lO" 7 6.90 X l O " 8 1.88 X i o - 6 
30 2.85 X l o " 1 0 3.01 X 10~7 7.95 X 10" 8 2.69 X i o " 8 4.08 X i o " 7 
40 1.78 X i o " 1 2 1.55 X lO^ 7 4.32 X l o " 8 1.41 X i o " 8 2.13 X 10"7 
50 4.63 X i o " 1 3 8.72 X i o - 8 2.71 X i o - 8 8.19 X i o - 9 1.23 X i o " 7 
60 1.30 X 10" 1 3 5.03 X l o " 8 1.78 X i o " 8 5.39 X 10"9 7.38 X l o ' 8 
70 2.54 X l o " 8 1.27 X i c f 8 3.76 X i o - 9 4.19 X i o - 8 
: so 1.69 X IQ- 8 9.74 X i o " 9 2.81 X i o ~ 9 2.95 X lO" 8 
j 90 1.27 X l o " 8 7.69 X 10"9 2.14 X l o " 9 2.25 X 10"8 
: IOO 8.63 X i o " 9 5.83 X i o " 9 1.71 X l o " 9 1.62 X l o " 8 
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TABLE 6.3 
LEVEL 3 BURST SPECTRA [UNTLUCTUATEV) 
R' (N)dM El/EWTS s~1 ACCOMPANYING P A R T I C L E - 1 
7-14 GeV 14-54 GeV 54-204 GeV 204-604 GeV > 604 GeV > 7 GeV 
0 1.21 •x 10" 1 1.70 X IO- 1 1.72 X 10" 1 9.74 X i o " 4 7.19 X lO' 5 3.08 X 10" 1 
1 2.90 X io~ •3 5.95 X i o - 3 9.30 X l o " 4 8.36 X i o " 5 1.02 X i o " 5 9.88 X i o - 3 
2 3.54 X 10" •4 1.18 X 10- 3 3.08 X l o " 4 3.82 X i o " 5 5.34 X i o " 6 1.89 X i o - 3 
. 3 4.60 X 10" •5 3.68 X io-* 8,74 x-lo""5 1.81 X l o " 5 2.85 X i o " 6 5.23 X 10~ 4 
4 9.99 X 10" •6 1.55 X i o " 4 4.07 X. K f 4 8.16 X i o - 6 1.69 X l o " 6 2.14 X 10" 4 
5 5.18 X io' •6 8.48 X 2.45 X l o " 5 4.34 X i o " 6 1.13 X i o " 6 1.19 X 10" 4 
6 1.07 X io' •6 4.17 X i o - 5 1.56 X I D " 6 2.81 X 10" 6 6.70 X 10" 7 6.17 X 10" 5 
7 6.95 X 10" •7 2.90 X 10" 5 1.09 X i o " 5 . 1.99 X 10" 6 4.75 X lO" 7 4.26 X 10" 5 
8 1.34 X 10" •7 2.02 X 10" 5 8.08 X i<f 6 1.50 X i o " 6 3.67 X i o " 7 3.02 X l o " 5 
9 7.26 X 10* •9 1.29 X 10" 5 6.69 X l o " 6 1.14 X i o - 6 2.99 X io-' 7 2.10 X i o " 5 
i 1 0 1.83 X 10" -9 8.35 X i o " 6 5.26 X M 4 9,09. x 10" 7 2.48 X i o " 5 1.47 X i o " 5 
i 20 8.21 X 10" 7 1.18 X I D " 6 2.09 X 10" 7 7.03 X 10~ 8 2.28 X i o ~ 6 
30 1.28 X 10" 9 " 3.52 X l o " 7 8.16 X i o " 8 2.75 X i o " 8 4.61 X 10" 7 
\ ^0 1.72 X i o - n 1.82 X l o " 7 4.42 X i o " 8 1.44 X lO" 8 - 2.40 X 10" 7 
50 4.93 X l o " 1 2 1.02 X 10" 7 2.76 X 10" 8 8.35 X i o " 9 1.38 X i o " 7 
•i 
j 60 
1.44 X i < f 1 2 5.87 X i o ' 8 1.82 X 10" 8 5.49 X 10" 9 6.28 x i o " 8 
j 70 2.94 X i o - 8 1.30 X i o " 8 3.84 X 10" 9 4.64 X l o " 8 
; so 1.97 X 10" 8 9.94 X i o " 9 2.87 X i o " 9 3.25 X i o " 8 
\ 90 1.48 X l o " 8 7.85 X i o " 9 2.18 X i o - 9 2.48 X i o - 8 
1 100 1.01 X 10" 8 5.98 X i o " 9 1.74 X l o " 9 1.78 X lO" 8 
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6.3.7 FLUCTUATIONS 
Thus f a r the calculations have been performed using average 
showers. I n r e a l i t y the number of p a r t i c l e s at any point i n a 
shower fluctuates from t h i s norm. Due. to the decreasing cross-sect-
ions as a function of increasing burst s i z e , the fluctuations w i l l 
a l t e r the shape of the burst spectra. The effects of these fluctuat-
ions w i l l be p a r t i c u l a r l y noticeable for small burst sizes and low 
muon energies. Small showers produced by muons of low energy are 
very dependent on the points of the f i r s t interactions. A l a t e 
interacting electron (or photon) w i l l tend to produce a smaller shower 
than an e a r l i e r interacting p a r t i c l e . Large fluctuations about 
the mean might, therefore, be expected with the r e s u l t that some 
large showers should be observed from low energy muons. 
Fluctuations i n shower development are complicated and not well 
known, most of the theoretical work having been done about the" same 
time as the discovery of penetrating radiation (see Furry 1937, 
Scott and Uhlenbeck 1942, Rossi and Greisen 1941, and Rossi 1952). 
Two types of fluctuation have been used i n the past. The f i r s t and 
perhaps the most widely used approach assumes that a l l the shower 
p a r t i c l e s are genetically independent. Based on.this assumption the 
fluctuations i n the shower development would be expected to obey 
Poisson s t a t i s t i c s . The probability P of seeing N electrons from 
a d i s t r i b u t i o n whose mean i s m electrons i s given by 
-m N 
• P(N,m) = . (e„24) 
The assumption of genetic independence w i l l be approximately s a t i s -
f i e d for large bursts and for bursts several generations old. However, 
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for small showers and showers i n early development, the Poisson s t a t -
i s t i c s should underestimate the actual fluctuations (Rossi 1952). 
The experiment reported here does not only concern i t s e l f with r e l a t -
i v e l y large bursts, but also i s interested i n small showers of l e s s 
than 10 p a r t i c l e s . As a developing shower i n which there are 10 
p a r t i c l e s i s j u s t over three generations old, i t was therefore though 
that the problem of fluctuations should be looked into i n more det-
a i l . 
Furry (1937) considered the problem of fluctuations taking 
into account the genetic dependence i n the shower development. I n 
h i s treatment, Furry made two major assumptions. 
1. Energy loss i n the shower was neglected. I n order for th i s 
assumption to be v a l i d , i t i s necessary that the to t a l energy trans-
ferred to the shower must be large compared to the to t a l ionizat-
ion loss suffered by a l l the p a r t i c l e s i n the shower considered. 
2. I n solving h i s set of d i f f e r e n t i a l equations he assumed that 
there must be at l e a s t one p a r t i c l e at any point i n the shower. I f 
one assumes an electron i n i t i a t e d shower, as Furry did, th i s assumpt-
ion does not allow the shower to fluctuate to zero electrons. 
At the time when Furry was looking into the problem of fluctuat-
ions, penentrating radiation was j u s t being detected experimentally 
and i t s implications discussed theoretically (Bhabha 1938, Rossi 1934, 
Auger et a l . 1934, Street et a l . 1935). Furry, therefore, did h i s 
work for electrons and thin thicknesses of absorber. In order to 
j u s t i f y the use of Furry s t a t i s t i c s , i t must be shown that the assumpt 
ions which Furry made are applicable to high energy muon physics and 
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very thick absorbers. To accomplish t h i s , calculations have been 
done: 
1. to determine the mean energy transferred per observed electron i n 
a burst. (To obtain t h i s the following equation was integrated numerically 
(6.25) 
E (N,t: , E M I N H ( E 0 , N , t ) d t d N 
Jblock 
E P ( E Q , N ) = ^ 7 ((,(E ,N,t)dtdN 
Jblock °" 
where E T and <j> are as defined e a r l i e r . E (E Q,N) i s the mean energy 
per\electron i n a shower of s i z e N as a function of muon energy E Q . 
For representative numerical r e s u l t s see Table 6.4) ;• 
2. to determine the mean depth (tp) of the interaction which prod-
uces a shower of s i z e N. (This was calculated using the following 
equation 
. t$(E ,N,t)dtdN Jblock o -/-fi'oo 
t (E N") = ( • • ' Kb.lb) 
V o' ' • <I>(E ,N,t)dtdN ••block ° 
For representative numerical r e s u l t s see Table 6.4); 
3. to determine the mean age of the observed shower as a function 
of muon energy and shower s i z e . The shower age has been estimated 
by combining an equation obtained by Rossi (1952) from approximation 
A and an equation obtained by Baruch (1973), and normalizing i t to 
the Ivanenko-Samosudov shower curves. The estimated shower age (S) 
as a function of the shower s i z e N and the depth of interaction t i s 
given by 
•8(»'V = t + 2.02[B(N,t) - q < 6' 2 7> 
E t(N,t,E ) 




A TABLE OF THE MEAN ENERGY TRANSFERRED PER OBSERVED SHOWER PARTICLE, 
MEAN DEPTHS OF INTERACTION AND MEAN SHOWER AGE OF 
SHOWERS OBSERVEV OUT OF A THICK IRON ABSORBER [70 r . l . ) 
Muon Energy 
11 GeV 24 GeV 86 GeV 300 GeV 1000 GeV 
u £ Minimum 0.4 0.5 0'.8 0.7 0.9 
a) o p4 *H 4J 
g g',2 9 Maximum 0.8 0.9 1.3 1.3 2.5 
w u <0 
^ S al Mean 0.7. 0.8 1.1 1.1 1.4 
U <A • H ,0 O 
4J 4J W 
«2 Minimum 2.1 2.5 2.8 2.9 3.4 
u to 
8 S* S ^  Maximum 4.3 4.6 7.0 8.8 9.3 fi n -
| H 2 Mean 3.6 3.9 5.6 5.9 7.1 
Minimum 0.7 0.9 0.8 0.8 0.8 
o 
£ u Maximum 1.1 1.1 1.2 1.2 1.3 
V 
» Mean 0.9 0.9 1.0 1.0 1.0 
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where S i s the shower age defined such that S = 1 at shower maximum, 
t i s the depth from the point of i n i t i a t i o n , E't i s the energy trans-
ferred to the shower and E £ i s the c r i t i c a l energy of the material. 
The mean age (S^) has been determined as follows: 
S(N,t)<|>(Eo,N,t)dNdt 
S„ (E ,N) - 1 ^ = — . (6.29) 
p o t 
(|)(E ,N,t)dNdt 
Jblock ° 
Representative numerical results are presented i n Table 6.4.) 
These calculations have revealed three important points. F i r s t , 
the average energy transferred per shower p a r t i c l e i s , very roughly, 
1 GeV p a r t i c l e ^ over a l l muon energies considered. Second, even 
in a thick iron absorber the mean point of interaction l i e s i n the 
l a s t few radiation lengths. Since interaction can occur with a 
low probability many radiation lengths from the bottom of the absorber, 
i t i s apparent that most of the interactions must occur between the 
mean depth and the bottom of the magnet block. And, third, on aver-
age, the showers which are observed tend to be near shower maximum. 
Furry's f i r s t assumption i s that the energy transferred to the 
to t a l shower must be iS9s than the energy loss due to ionization. 
In traversing one radiation length i n iron an electron w i l l lose 
about 30 MeV to the ionization process. The above calculations 
show that for the average shower, which i s about at shower maximum, 
the average energy transferred to the shower i s much greater than 
the energy loss due to ionization i n depths which are greater than 
the mean depth of interaction. Based oh this r e s u l t i t i s believed 
that'Furry's f i r s t assumption i s s a t i s f i e d for thick iron absorbers 
at the muon energies which are relevant to t h i s experiment. 
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I t i s possible through the various processes to lose a l l of 
the expected electrons and to have a shower fluctuated to a siz e 
of zero. The assumption that the i n i t i a t i n g electron i s always 
present does not allow t h i s to occur. However, i f i t i s assumed 
that the shower i s not electron i n i t i a t e d but muon i n i t i a t e d , the 
second Furry assumption i s more r e a l i s t i c a l l y s a t i s f i e d . The energy 
loss of the muon can be considered to be negligible. Since i t has 
no process by which i t can be absorbed i t , w i l l always be present i n 
the shower, and i t i s reasonable to assume that the muon w i l l not 
fluctuate to more than one p a r t i c l e . I t i s believed that the condit-
ions of t h i s experiment s a t i s f y both of the assumptions made by 
Furry. 
the solution to the set of d i f f e r e n t i a l equations which Furry 
obtained can be stated as 
P(N,m) = (m + D " 1 ^ ) " ( 6 . 3 0 ) 
where P(N,m) i s the probability of obtaining N electrons from a 
dis t r i b u t i o n whose mean i s m electrons. 
I t appears, based on the l i t e r a t u r e and the res u l t s obtained here, 
that Furry s t a t i s t i c s should at l e a s t be used for small showers and 
low muon energies, while i t appears that Poisson s t a t i s t i c s might be 
v a l i d for large showers and lii^t-muim • urr&pgi&o. To ascertain i f 
the Furry s t a t i s t i c s could be used over the entire spectrum, the burst 
spectra using both types of fluctuations have been calculated and 
compared. Equation (6.31) was used to fold the fluctuations into 
the burst spectrum. 
m=«> 




R* i s the fluctuated burst spectrum 
P i s the Poisson or the Furry distribution (equation (6.24) or 
equation (6.30) respectively) 
R i s the unfluctuated burst spectrum (equation (6.22)) 
dm/dN i s the c e l l width correction. 
The r e s u l t s of these calculations are presented i n Figures 6.11, 6.12 
and 6.13. I t can be seen that at low muon energies (l e s s than about 
50 GeV) the Furry fluctuated spectra are f l a t t e r than the Poisson 
fluctuated ones. At high energies the two types of spectra are 
very s i m i l a r except at very small burst s i z e s . 
Taking a l l of th i s information into account, i t appears that 
the r e a l i s t i c spectra to use are the ones which contain the Furry 
fluctuations. The numerical values of the spectra containing Furry 
fluctuations are presented i n Tables 6.5 and 6.6 and i n Figure 6.14. 
To present a complete picture, the probabilities of producing N 
p a r t i c l e s out of a magnet block as a function of muon energy have 
been calculated with fluctuations and are presented i n Figure 6.15 
and Figure 6.16. 
6.4 V1SCUSST0M OF ERRORS 
Because of the nature and complexity of the ca l c u l a t i o n . i t i s 
not easy to obtain an exact error on the theoretical burst spectrum. 
The discussion i n th i s section w i l l attempt to obtain a general idea 
of the order of the errors. 
The electromagnetic interaction cross-sections, as stated i n 
Chapter 2,. are considered to be accurate to approximately 3%. I n 
Fluctuated Spectra 




14 GeV<Eu<54 GeV 
E u ^24 GeV 
i PX/PI IJCL POISSON 
L t Y C L i."^ PURRY 
LEVEL 3J c . POISSON 
L C V t L J ld. FURRY 
10 100/1 10 
Accompanying particles (N) 
FIGURE 6.11. A comparison between the expected burst spectra in MARS 
with.(a) Poisson fluctuations and (b) Furry fluctuations. 
10' r 1 ~ * — — r 
Fluctuated Spectra 
54 GeV <ELJ <204 GeV 
Ej j= 86 GeV 
10 c3 
10 
204 GeV <E|j <604 GeV 
Ejj =300 GeV 
a - POISSON 
b - FURRY 
10 100/1 10 
Accompanying particles (N) 
FIGURE 6.12. Comparison between the expected burst spectra containing 
Poisson (a)-and Furry (b) fluctuations'. 
10 I I 
Fluctuated Spectra 
E„>604 GeV E„>7 GeV 
















10 100/1 10 100 
Accompanying particles (N) 
FIGURE 6.IS. A comparison between the expected burst spectra in MARS 
with (a) Poisson fluctuations and (b) Furry fluctuations. 
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TABLE 6.5 
LEVEL 1 BURST SPECTRA (FLUCTUATED) 
R'INJdN EVENTS s'1 ACCOMPANYING PARTICLE" 1 





















1.23 x 10 
3.43 x 10 
-1 
-4 
1.72 x 10 -4 
8.67 x 10 -5 
4.37 x 10 -5 
2.21 x 10 -5 
1.12 x 10 -5 
5.70 x 10 -6 
2.92 x 10 -6 
1.51 x 10 -6 
7.88 x 10 -7 
3.76 x 10 -9 
1.07 x 10 -10 
4.81 x 10 -12 
2.50 x 10 -13 
1.37 x 10 -14 
7.67 x 10 -16 
4.31 x 10 -17 
2.42 x 10 -18 
1.36 -x 10 -19 
1.74 x 10 -1 
1.65 x 10~ 3 
8.90 x 10~ 4 
4.88 x 10 -4 
2.76 x 10 -4 
1.61 x 10 -4 
9.71 x 10 -5 
6.11 x 10 -5 
4.00 x 10 
2.71 x 10 -5 
1.91 x 10 -5 
1.76 x 10 -6 
4.05 x 10 -7 
1.33 x 10 -7 
5.29 x 10 -8 
2.35 x 10 
1.12 x 10 
-8 
5.65 x 10 
2.95 x 10 -9 
1.59 x 10 -9 
-2 -3 1.79 x 10 1.04 x 10 8.05 x 10 .-5 3.16 x 10 -1 
3.24 x 10 .-5 -6 3.55 x 10 4.98 x 10 2.37 x 10 .-3 
1.82 x 10 2.10 x 10~ 5 3.07 x 10 -6 1.27 x 10 
1.06 x- 10 -4 .-5 -6 1.30 x 10 1.99 x 10 6.98 x 10 ,-4 
6.38 x 10 -5 8.32 x 10 -6 
4.01 x 10 5.57 x 10 -6 
2.63 x 10 -5 3.88 x 10 -6 
-5 4.80 x 10 2.80 x 10 -6 
1.28 x 10 -5 2.09 x 10 -6 
.-6 9.45 x 10 1.60 x 10 
7.18 x 10~ 6 1.25 x 10" 6 
1.34 x 10 
9.49 x 10' 
6.96 x 10" 
5.28 x 10' 
4.12 x .10 
3.28 x 10 
2.67 x 10 
-6 3.94 x 10 -4 
2.30 x 10 
1.39 x 10 -4 
8.82 x 10 -5 
5.82 x 10 -5 
4.00 x 10 -5 
2.86 x 10 -5 
1.23 x 10 -6 -7 2.38 x 10 6.47 x 10 -8 3.31 x 10 -6 
4.53 x 10 -7 9.30 x 10 -8 .-8 2.77 x 10 9.92 x 10 
2.21 x 10 ' 4.85 x 10 " 1.50 x l o " 8 4.27 x 10 
-7 
,-7 .-8 -7 
1.23 x 10 -7 2.93 x 10 •8 
7.63 x 10 -8 .-8 
9.26 x 10~ 9 2.21 x 10~ 7 
-9 
5.00 x 10 -8 
3.44 x 10 -8 
1.94 x 10 6.18 x 10 1.29 x 10 
1.37 x 10~ 8 4.36 x 10~ 9 8.16 x l o " 8 
1.01 x 10" 8 3.20 x 10" 9 5.48 x 10~ 8 
,-8 -9 2.46 x 10 7.64 x 10 2.43 x 10 .-9 3.86 x 10 -8 
1.81 x 10~ 8 5.97 x 10 -9 1.89 x 10 -9 2.82 x 10 -8 
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TABLE 6.6 
LEVEL 3 BURST SPECTRA [FLUCTUATED] 
R'lWldW EVENTS s'1 ACCOMPANYING PARTICLE"' 
Burst 
Size 7-14 GeV 14- 54 GeV 54-204 GeV 204-604 GeV > 604 GeV > 7 GeV 
0 1.22 X 10" 1 1.74 X 10" 1 1.79 X io"2 1.04 X 10" 3 8.03 X io"5 3,14 X ID" 1 
1 8.14 X lo"4 1.87 X 3.34 X 10" 4 3.59 X lO" 5 5.01 X io-6 3.06 X 10" 3 
2 4.23 X io-4 1.01 X to" 3 1.88 X io~4 2.13" X i o - 5 3.10 X 10" 6 1.65 X H f 3 
3 2.23 X io-4- 5.62 X 1.10 X lo"4 1.31 X K f 5 2.00 X lo"6 9.10 X 1 0 - 4 
4 1.19 X io"4 3.22 X K f 4 6.64 X lO" 5 8.45 X I D " 6 1.36 X 1 0 * 5.17 X ID" 4 
5 6.47 X io-5 1.91 X l o " 4 .4.19 X io"5 5.67 X 10" 6 9.58 X l < f 7 3.04 X ID" 4 
j 6 3.60 X io"5' 1.18 X I D " 4 2.75 X 10" 5 3.95 X ID" 6 7.03 X I 0 " 7 1.86 X 10" 4 
7 2.05 X io"5 7.55 X i c f 3 1.89 X lo"5 2.86 X ID" 6 5.34 X io"7 1.18 X 10" 4 
8 1.20 X 10" 5 5.05 X I D " 5 1.35 X io"5 2.13 X ID" 6 4.16 X 10" 7 7.85 X 1 0- 4 
9 7.27 X io"6 3.50 X I D ' 5 9.93 X lo"6 1.63 X ID" 6 3.32 X io"7 5.41 X 10" 5 
? 10 4.52 X lo"6 2.51 X 10" 5 7.55 X lo"6 1.28 X ID" 6 2.71 X io"7 3.87 X i o " 5 
) 20 1.34 X io"7 2.57 X l ( f 6 1.30 X lo"6 2.45 X 10" 7 6.57 X io-8 4.33 X 10" 6 
30 1.23 X io"8 6.13 X l < f 7 4.88 X io"7 9.55 X 2.81 X io-8 1.26 X 1 0- 6 
40 1.87 X IO" 9' 2.06 X l o " 7 2.41 X io"7 4.98 X 1 0 - 8 1.53 X lo"8 5.26 X 10' 7 
50 3.55 X I O " 1 0 8.29 X I D ' 8 1.37 X IO- 7: 3.01 X I D " 8 9.43 X io"9 2.68 X 10" 7 
i 
' 60 7.68 X 1 0 " 1 1 3.72 X i o " 8 8.52 X lo"8 1.99 X 10" S 6.30 X -9 10 3 1.54 X i o " 7 
70 1.81 X lo"11 1.79 X 5.63 X lo"8 1.40 X 10" 8 4.44 X ID" 9 9.60 X i o - 8 
j 80 4.55 X 1 0 " 1 2 9.11 X l o " 9 3.90 X io-8 1.03 X i o - 8 3.27 X -9 10 3 6.38 X xo"8 
j 90 1.19 X io"12 4.80 X 10" 9 2.81 X io-8 7.84 X !0- 9 2.48 X io-9 4.45 X i o " 8 
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Fluctuated burst Spectra (FURRY) 
a - 7-14 GeV 
b-14-54 GeV 
c - 54-204 GeV 
d - 204-604 GeV 
- >604 GeV 
->7GeV 
LEVEL 1. LEVEL 3. J 
10 100/1 10 
Accompanying particles (N) 
FIGURE 6.14. The expected burst spectra -including fluctuations (Furry)-
for the MARS spectrograph. 
IO°i , j — — , 1~ 1 i T~—| r~ -r 
DIFFERENTIAL PROBABILITY OF A BURST OF 
SIZE N OBSERVED AT THE BOTTOM O F AN 
IRON MAGNET BLOCK CFLUCTUATED) 







O IO IO IO 
MUON ENERGY CGeVD 
FIGORE 6.15. The differential probability of observing N accompanying 
particles at the bottom of a 1000 gm cm"% iron absorber as a function 
of incident, energy (fluctuations included). 
10 
INTEGRAL PROBABILITY OF OBSERVING A BURST 
O F >N P A R T I C L E S AT THE BOTTOM OF AN 












IO IO IO IO i s 
MUON ENERGY (GeV) 
FIGURE 6.16. The integral probability of observing >N accompanying 
particles at the bottom of a 1000 gm cm~2 iron absorber as a function 
of muon incident energy (fluctuations excluded). 
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the consideration of the to t a l cross-section, only the error on the 
dominant cross-section w i l l be important. The maximum error w i l l 
occur at the point where the three cross-sections are approximately 
equal (E * 280 GeV, E - 20 GeV). At this point the error w i l l 
be approximately 5%. I n the use of these cross-sections i n the 
numerical calculations, the numerical interpolation should introduce 
errors of < 5% (the interpolation was lin e a r i n log-log space. As 
a consequence the knock-on and bremsstrahlung cross-sections which 
are l i n e a r i n log-log space, except at energy transfers near the 
maximum energy transfer, w i l l be interpolated with almost no error, 
but for d i r e c t pair production, which i s curved i n log-log space, 
the s t r a i g h t l i n e interpolation.will introduce errors.) The error 
introduced by the cross-sections should have been approximately 7%. 
The shower development curves are estimated by Tvanenko and 
Samosudov to be accurate to approximately 10%. Again, the i n t e r -
polation w i l l introduce errors. Pue to the nature of the data and 
the method used, the estimated interpolation error i s approximately 
10%. This gives a composite error of approximately 14%. When 
considering the ef f e c t of th i s error on the calculations, i t can 
be seen that t h i s error i s magnified by the slope of the cross-section. 
I n general, the steepest cross-section i s for the knock-on process 
-2 
where a E f c . The effect of t h i s i s that a 14% error i n the 
energy transfer required w i l l cause a 28% error i n the cross-section. 
The energy loss curves should have errors approximately equal 
to those for the cross-section (approximately 7%), but because of 
the c r i t e r i a on the bremsstrahlung and direct pair production cross-
sections, these losses could be low by a small, but unknown, amount. 
This i s unimportant, the effects of error in the energy loss are minimal. 
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For muon energies > 100 GeV the maximum contribution the energy loss 
makes to the actual energy i s < 10%. I n th i s region the error 
introduced by energy loss error i s < 1%. At muoh energies of approx-
imately 7 GeV the error due to energy loss i s approximately 7%. The 
effe c t t h i s error has on the cross-section can be seen i n comparing 
Figures 2.2, 2.3, 2.13, 2.19-2.23. Since the knock-on and bremsstrah-
lung processes are e s s e n t i a l l y not energy dependent the error i n t r o -
duced i s <K 1%. Only dir e c t pair production shows a marked energy 
dependence. DPP only plays an important part i n the to t a l cross-
section at muon energies > 100 GeV. Consequently the error i n energy 
loss w i l l contribute at most approximately 1%. 
The numerical integration through a magnet block assumed that 
the cross-section was constant over each radiation length. I n gen-
e r a l , the error introduced should be < 10%. This error w i l l be a 
function of energy, the error w i l l be smaller the higher the muon 
energy. The most s i g n i f i c a n t contribution to t h i s error w i l l come 
for 1 or 2 p a r t i c l e s produced i n the l a s t radiation length where the 
shower need not develop. The p a r t i c l e numbers may be due to the 
f a s t l y increasing probability for knock-on and pair production to 
occur as the bottom of the magnet i s approached. I t i s assumed, 
however, that t h i s contribution i s small when compared to the int e -
gral probability from depth > 1 radiation length. 
The error, therefore, i n $, the probability of producing N 
p a r t i c l e s put of a magnet block as a function of energy i s *v 31%. 
The muon energy spectrum i s estimated by Whalley to be accurate 
to approximately 2% at 20 GeV and approximately 10% at 500-1000 GeV. 
This spectrum was used to 10 TeV, well beyond i t s guaranteed l i m i t . 
By comparison between the Whalley extrapolation and a best f i t of 
- I l l 
Ng et a l . (1973) (see Whalley 1974) at 10 TeV suggests the Whalley 
spectrum may be high i n th i s region by 50-100%. The contribution 
from t h i s area to the t o t a l burst spectrum i s however small, but 
should be kept i n mind when the comparisons of the experimental 
r e s u l t s i n this region are made. For this error estimation an 
ove r a l l 10% error i s assumed. 
The acceptance of the spectrograph i s accurate to 0.5% (Whalley 
1974). The error introduced i n this numerical calculation i s 
l i k e l y to be < 1% because the method used was similar to the one 
used to calculate the cross-section of Chapter 2. 
Taking a l l the above errors into account i t i s believed that 
the theoretical burst spectrum i s accurate to approximately 33%. 
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CHAPTER 7 
THE EXPERIMENTAL BURST SPECTRUM 
7.1 INTRODUCTION 
I n t h i s chapter the determination of the experimental burst 
spectra i s discussed and compared with the theoretical predictions 
produced i n Chapter 6. To. produce the experimental burst spectra 
three corrections have been made,-en the data. F i r s t , the rates 
have been corrected to the r e a l burst sizes from those predicted 
by the f l a s h tubes. As a consequence there has also been a c e l l 
width correction. Second, a correction has been applied to allow 
for the contamination of the burst s i z e due to knock-on electrons 
i n the f l a s h tube trays. Third, and f i n a l l y , a correction has 
been made on the interaction run data to correct for the discrimin-
ator setting which was used i n event selection. 
7.2 THE UHCORRECTEV BURST SPECTRA 
There were 4175 useable events gathered i n a run time of 4.0 
hours i n the a l l events data and 13349 useable events gathered i n 
a run time of 480*3 hours i n the, interaction run data. A t o t a l of 
17524 events have been used i n determining the burst spectra. The 
data have been divided into f i v e energy bins (7-14 GeV, 14-54 GeV, 
54-204 GeV, 204-604 GeV, > 604 GeV) and into f l a s h tube determined 
burst s i z e c e l l s (see Section 4.3.3). The d i f f e r e n t i a l uncorrected 
rate, R 1(N)dN, has been calculated as follows. 
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R ' ( N ) d N = - J ^ (7.1) 
eff 
where 
M i s the number of events per c e l l , 
N i s the burst s i z e c e l l , 
W i s the c e l l width, -
t ej£ i s the eff e c t i v e run time. 
Due to the s c i n t i l l a t i o n counter e f f i c i e n c i e s (E )" and the 
sc 
probability (R) of re j e c t i n g some events at the two experimental 
l e v e l s , the ef f e c t i v e run time i s different from the measured run 
time and i s given by 
t - tE (1 - R) (7.2) 
eff sc 
where t i s the run time. . 
Whalley (1974) has measured the s c i n t i l l a t i o n counter e f f i c i e n c -
ies with the r e s u l t that the ove r a l l efficiency for accepting penetrat-
ing unions which traverse the spectrograph i s 0.894 ± 0.002. The 
event acceptance probability (1 - R) at levels 1 and 3 has been 
obtained from the a l l events data. The acceptance probabilities 
are 0.934 ± 0.021 for l e v e l 1 and 0.896 ± 0.020 for l e v e l 3. The 
calculated e f f e c t i v e run times are given in Table 7.1. 
The f l a s h tube burst s i z e c e l l s , c e l l width, number of events 
per c e l l , and uncorrected rate for the two experimental level s are 
given i n columns 1, 2, 4 and 5 respectively of Tables 7.2 to 7.5. 
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TABLE 7.7 
EFFECTIl/E RUN TIMES 
Run Time (t) E f f e c t i v e Run Time t e f f 
I nteraction Run Data 
Level 1 
Level 3 







400.9 ± 9.2 hr 
384.6 ± 8.6 hr 
3.37 ± 0.08 hr 
3.24 ± 0.07 hr 
7.3 CORRECTIONS 
7.3.7 PARTICLE NUMBER ANP CELL WIPTH CORRECTIONS 
The f l a s h tube burst s i z e c e l l number has been corrected 
using the calibrations of Section 4.3.5. The corrected burst 
si z e s are given i n column 3 of Tables 7.2 to 7.5. The calibration 
curve i s a li n e a r transformation from burst s i z e c e l l to different-
i a l p a r t i c l e number, i . e . 
ax + b = y . (7:3) 
Due to the fact that, the spectra which have been determined are 
d i f f e r e n t i a l , the c e l l s i z e changes and a c e l l width correction i s 
also required. I f the burst spectra are given by R'(y)dy, the 
correction yields 
R(y)dy = R« (£ + -) ^ dy a dy 
where, from equation (7.3), 
(7.4) 
- 1 1 5 -
~ = - . ( 7 . 5 ) dy a 
• i 
dx/dy i s the c e l l width correction and would be unity i f the slope 
(a) of the c a l i b r a t i o n were 1 . dx/dy i s 0 . 9 2 3 for l e v e l 1 arid 
0 . 6 2 7 for l e v e l 3 (a = 1 . 0 8 and 1 . 5 9 for levels 1 and 3 respectively). 
The estimated error on the burst size andj therefore, the c e l l 
width, i s given i n Figure 7 . 1 . - The c e l l width corrections are 
presented i n column 7 of Tables 7 . 2 and 7 . 3 and i n column 8 of Tables 
7 . 4 and 7 . 5 . 
7 . 3 . 2 . THE KNOCK-OU IN THE FLASH TUBE T W S CORRECTION c 
As a muon passes through the flash tube trays i t has a 
probability of producing a knock-on electron of s u f f i c i e n t energy 
to contaminate the estimated burst s i z e . This contamination w i l l 
have the most e f f e c t on small bursts. Unfortunately, i t i s hard 
to estimate. I f the f l a s h tube trays were s o l i d iron, a muon 
would produce a detectable electron about 7% of the time. Due to 
the different densities and Z of glass and aluminium, the probab-
i l i t y would be expected to decrease s i g n i f i c a n t l y . The knock-on 
probability has been estimated to be 4 ± 2%. Kelly et a l . ( 1 9 6 8 ) 
have measured 4% i n the f l a s h tubes which they used. The experi-
mental spectra have been corrected by estimating the contamination 
for each p a r t i c l e number using the theoretical spectra. The correct-
ion, C, i s given by equation ( 7 . 6 ) . 
C * > . • B , - * 0 . 0 4 V L 
where 
is•the predicted rate for N p a r t i c l e s , 
0 . 0 4 R J J i s the rate l o s t to the rate due to knock-ons, 
60 i i • i 
50 








8 10 11 12 13 
BURST SIZE (N) 
FIGURE 7.1. The error in the determination of the mean burst 
size. 
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O.OARN_^ i s the rate gained from the R^_^ rate due to knock-
ons. 
Calculations have shown that t h i s correction has l i t t l e effect 
(< 5%) everywhere except for bursts of 1 p a r t i c l e . The estimated 
errors are about 50% at 1 p a r t i c l e , about 3% at 2 p a r t i c l e s , and 
< 0.5% at 50 p a r t i c l e s . The knock-on correction i s presented i n 
column 6 i n Tables 7.2 and 7.3 and i n column 7 i n Tables 7.4 and 
7.5. ; 
7.3.3 THE INTERACTION RUN PISCR1MINAT0R CORRECTION 
The interaction run data was collected by triggering the 
spectrograph on large pulse heights i n the s c i n t i l l a t i o n counters 
at l e v e l 1 or at l e v e l 3. This was accomplished by using discrimin-
ators i n • coincidence with the main trigger of the spectrograph 
(see Section 3.4). Due to fluctuations in the pulse height many 
small bursts have been detected as well as some larger bursts having 
been l o s t . Since f l a s h tubes and s c i n t i l l a t i o n counters have 
been used i n conjunction with one another, there has been enough 
information available to calculate a correction. I n Section 4.3.5 
the single p a r t i c l e pulse height distributions have been obtained 
by s e l e c t i n g only pulse heights which were associated with a clear 
single track i n the f l a s h tube tray. I t i s reasonable to assume 
that the pulse height di s t r i b u t i o n for two p a r t i c l e s passing through 
a s c i n t i l l a t o r i s the same as would be obtained by folding two 
single p a r t i c l e distributions together. Likewise, the Nth p a r t i c l e 
d i s t r i b u t i o n i s equivalent to folding a single p a r t i c l e distribution 
N . 
into i t s e l f N - 1 times. I f P. i s the N-particle pulse height 
3 1000 x 
d i s t r i b u t i o n , where j i s the MPHA c e l l , and i f £ P. = 1, then 
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the Nth p a r t i c l e d i s t r i b u t i o n i s given by the following recursive 
function. 
k-1 
k 1 k - i 
i = l 
k-1 
P.3 = I P^.P,1 . k u 1 k - i 
i = l (7.7) 
k-1 
N m y N-l 1 
\ L i " V i 
i = l 
for k < i , pf - 0. 
k 
Figure 7.2 presents the r e s u l t of folding the single p a r t i c l e 
d i s t r i b u t i o n (burst s i z e N = 0) at l e v e l 1 into i t s e l f nine times. 
The discriminator settings used to gather the interaction run data 
correspond approximately to c e l l 120 at le v e l 1 (shown in Figure 7.2) 
and c e l l 128 at l e v e l 3. 
The p r o b a b i l i t i e s of obtaining N p a r t i c l e s , B(N), are c a l c -
ulated by summing the portion of the distribution above the discrim-
inator cut. 
1000 
B(N) = I P1? . (7.8) 
i=cut 
Figure 7.3 gives, the acceptance function for both l e v e l s 1 and 
3 as calculated by t h i s procedure. The estimated errors i n this 
correction are presented i n Figure 7.4. The interaction run discrim-
inator correction i s presented in column 6 i n Tables 7.4 and 7.5. 
1 
10 n Interaction run N=0 
discriminator 
cut PUlse height 
distributions 
at Level 1 
(normalised) 











10 i 1000 100 10 
MPHA C E L L 
FIGURE 7.2. The calculated pulse height distributions for a burst 
of N particles (N = 0 corresponds to the muon). All areas are 
normalized to one. The solid line is the interaction run discriminat-
ion cut. 





LEVEL 1 MPHA CELL 120 a* 
LEVEL 3 MPHA CELL 128 
6> 
10 
I I I I I J L t I L I I I l _ L 
0 1 2 3 4 - 5 6 7 8 
Number of particles in burst (N) 
FIGURE 7.3. The interaction run acceptance function. 
60 I 
ERROR IN DISCRIMINATOR 








1 2 3 4 5 6 7 8 9 1 0 
BURST SIZE (N) 
FIGURE 7.4. The estimated error in the interaction run discriminator 
correction as a function of burst size. 
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7.4 THE CORRECTED EXPERIMENTAL BURST SPECTRA 
The corrected burst spectra at the bottom of the magnet blocks 
of MARS are given by the following equation. 
R(N)dN • R'g>g(«> d N ( 7 . 9 ) 
where 
R(N)dN i s the corrected burst spectrum, 
R'(N)dN i s the uncorrected burst spectrum (see Section 7.2), 
. C(N) i s the knock-on correction, 
a i s the slope of the burst'size calibration curve (see 
Sections 4.3.5 and 7.3.1), < 
• B(N) i s the interaction run discriminator cut correction. 
.QJ(N)= 1 for the a l l events data.) 
Six burst spectra have been calculated at each experimental 
l e v e l : 
1. 7 GeV < E u < 14 GeV 11 GeV 
2. 14 GeV < E u < 54 GeV 34 GeV 
3. 54 GeV < E u < 204 GeV '86 GeV 
4. 204 GeV < E u < 604 GeV E y = 300 GeV 
5. E u > 604 GeV E y ~ 1000 GeV 
6. E u > 7 GeV (the t o t a l Spectrum) 24 GeV. 
The uncorrected and corrected burst spectra are presented i n Tables 
7.2 and 7.3 (the a l l events data) and Tables 7.4 and 7.5 (the i n t e r -
action run data). The errors presented i n these tables are s t a t -
i s t i c a l only. 
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Rate i n M.A.R.S. 
(Uncorrected) 
• Events Sec-1 P a r t i c l e -
4X Knock-On Cell Width 
1 Correction Correction 
Rate in M.A.R.S. 
(Corrected) 
Events Sec-1 Particle*^ 
1.0 1 0.62 205 1.68 ± 0.12 x 10-2 0.495 0.923 7.68 ± 0.55 x 10-3 
2.0 1 1.71 45 3.70 i 0.55 x 10" 3 0.732 0.923 2.50 i 0.37 
3.0 1 2.79 14 , 1.15 ±0.31 0.967 0.923 1.03 ± 0.28 
4.0 1 3.87 5 4.12 ± 1.84 x 10" 4 0.970 0.923 3.69 ± 1.65 x 10* 4 
7.0 5 7.12 3 8.23 ± 4.12 x 10" 5 0.977 0.923 7.42 ± 3.72 x 10" 5 
MUONS 3625 
TOTAL 3899 
LEVEL: 1 ENERGY RANGE: 7-14 GeV TYPE: A l l Events Data 
1.0. 1 0.62 59 4.85 ± 0.63 x 10" 3 0.436 0.923 1.95 t 0.25 x 10" 3 




4 4.41 2 
1342 
1410 
4.10 t 2.90 x 10" 5 0.962 0.923 3.64 i 2.58 x 10" 5 
LEVEL: 1 ENERGY RANGE: 14-54 GeV TYPE: A l l Events Data • 
1.0 1 0.62 129 1.06 ± 0.09 x lp-2 0.516 0.923 5.05 ± 0.43 x 10"3 
2.0 1 1771 31 2.55 i 0.46 x 10" 3 0.742 0.923 1.75 ± 0.32 
3.0 1 2.79 10 8.23 ± 2.60 x 10' 4 0.968 0.923 7.35 ± 2.32 x 10"4 
4.0 . 1 3.87 3 2.46 ± 1.42 0.970 0.923 2.20 ± 1.27 
6.5 4 6.58 3 6.17 ± 3.56 x 10" 5 0.976 0.923 5.56 ± 3.21 x 10* 5 
MUONS 2044 • • 
TOTAL 2220 
LEVEL: 1 ENERGY RANGE: 54-204 GeV ' TYPE: A l l Events Data 
Flash Tube 
Burst Size 
Cell • Corrected 




Rate in M.A.R.S. 
(Uncorrected) 
Events Sec"! Particle 
4« Knock-On Cell Width 
.1 Correction - Correction 
Rate i n M.A.R.S. 
(Corrected) 
Events Sec-1 Particle-1 
1.0 1 0.62 17 1.40 ± 0.34 x 10" 3 0.592 0.923 7.65 ± 1.86 x 10" 4 
2.0 1 1.71 6 4.94 ± 2.02 x 10" 4 0.780 0.923 3.56 i 1.45 
3.5 2 3.33 5 2.05 i 0.92 0.973 0.923 1.84 t 0.83 
HUONS 220 
TOTAL 248 
LEVEL: 1 ENERGY RANGE 204-604 GeV TYPE: A l l Events Data 
5.5 8 5.50 2 2.06 ± 1.46 x TO"5 0.982 0.923 1.87 t 1.32 x 10" 5 
HUONS 15 
TOTAL 17 
LEVEL: V ENERGY RANGE: > 604 GeV TYPE: A l l Events Data 
TOTAL 4 
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Rate i n M.A.R.S. 
(Uncorrected) 
Events Sec"' Particle" 
4« Knock-On Cell Width 
1 Correction Correction 
Rate in M.A.R.S. 
(Corrected) 
Events Sec-1 Partide-1 
1.0 1 1.36 197 1.69 ± 0.12 x 10" z 0.474 0.627 3.02 ± 0.36 x M"3 
: 2-0 1 2.95 20 1.71 ± 0.38 x 10" 3 0.969 0.627 1.04 ± 0.23 
3.0 1 4.55 7 6.01 ± 2.27 x 10" 4 0.971 . 0.627 3.66 ± 1.38 x 10"4 
5.0 3 7.73 6 1.72 ± 0.70 0.979 0.627 1.06 ± 0.43 
HUONS 3511 
TOTAL 3741 
LEVEL: 3 ENERGY RANGE: 7-14 GeV TYPE: A l l Events.Data 
1.0. 1 1.36 80 6.89 ± 0.77 x 10" 3 0.439 0.627 1.90 ± 0.21 x 10" 3 
2.0 1 2.95 10 8.58 ± 2.71 x 10" 4 0.965 ' 0.627 5.19 ± 1.64 x 10"4 
4.5 4 6.94 3 6.43 ± 3.70 x 10" 5 0.971 0.627 3.92 ± 2.25 x 10" 5 
HUONS 1308 
TOTAL 1401 
LEVEL: 3 ENERGY RANGE: 14-54 GeV TYPE? A l l Events Data 
1.0 1 1.36 106 9.10 ± 0.88 x 10" 3 0.485 . 0.627 2.77 ± 0.27 x 10"3 
2.0 1 2.95 8 6.86 ± 2.42 x 10" 4 . 0.969 0.627 4.17 ± 1.47 x 10"4 
3.0 1 4.55 5 4.29 ±1.92 0.972 0.627 2.62 ± 1.17 
5.0 3 7.73 5 8.58 ± 3.83 x 10" 5 0.980 0.627 5.27 ± 2.35 x 10"5 
HUONS 1953 '-' 
TOTAL 2077 








R nfnr^il'A'Jrf^ « Knock-On Cell Width 
E v e n t s T c T ^ t l c l e-l A c t i o n 
Rate i n M.A.R.S. 
. (Corrected) 
Events Sec-1 Partiele-1 
1.0 1 1.36 11 9.44 ± 2.85 x 10" 4 0,653 0.627 3.86 ± 1.17 x 10"4 
2.0 1 2.95 2 1.71 ± 1.21 0.976 0.627 1.05 ± 0.74 
HUONS 230 
TOTAL 243 
LEVEL: 3 ENERGY RANGE: 204-604 GeV " TYPE: A l l . Events Data 
TOTAL 16. 
LEVEL: 3 ENERGY RANGE: > 604 GeV TYPE: A l l Events Data 
TOTAL 4 
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Rate i n H.A.R.S. 
(Uncorrected) 







Rate in H.A.R.S. 
(Corrected) 
Events Sec"! pa r t i c l e " ! 
1.0 , 0.62 1179 8.17 ± 0.24 x 10" 4 23.95 0.495 0.923 8.93 ± 0.26 x 10" 3 
2.0 1 1.71 677 4.69 ± 0.18 7.54 0.732 0.923 2.39 ± 0.09 
3^0 1 2.79 486 3.37 l 0.15 3.00 0.967 0.923 9.02 i 0.40 x 10" 4 
4.0 1 3.87 345 2.39 ± 0.13 1.50 0.970 0.923 3.21 ±0.17 
5.0 1 4.96 212 1.49 ± 0.10 1.06 0.972 0.923 1.42 ± 0.10 
6.0 1 6.04 146 1.01 ± 0.08 • 1.00 0.975 0.923 9.09 ± 0.72 x 10" 5 
7.0 1 7.12 115 7.97 ± 0.74 x 10" 5 1.00 0.977 0.923 7.19 ± 0.67 
8.0 1 • 8.21 108 7.48 ± 0.72 1.00 0.980 0.923 6.77 ± 0.65 
9.5 2 9.83 115 3.98 ± 0.37 1.00 0.984 0.923 3.62 ± 0.34 
15.5 10 16.33 116 1.15 ±0.09 . 1.00 . 0.988 0.923 1.05 i 0.08 
25.5 10 27.16 - 25 1.73 ± 0.34 x 10" 6 l.OO 0.995 0.923 1,59 ± 0.32 x 10" 6 
40.5 20 43.41 12 4.16 ± 1.20 x l O " 7 1.00 0.996 0.923 3.83 ± 1.10 x 10"7 
60.5 20 65.08 3 1.04 l 0.60 1.00 0.990 0.923 9.49 ± 5.47 x 10~ 8 
HUONS 6962 c 
TOTAL 10554 
* 










Rate i n H.A.R.S. 
(Uncorrected) 







Rate in M.A.R.S. 
(Corrected) 
Events Sec-l Pa r t i c l e " 1 
1.0 1 0.62 256 1.77 ± 0.11 x 10' 4 23.95 0.436 0.923 . 1.71 ±0.11 x 10' 3 
2.0 1 1.71 99 6.86 ± 0.69 x 10" 5 7.54 0.702 0.923 3.35 ± 0.34 x 10" 4 
3.0 1 2.79 46 3.19 ± 0.47 3.00 0.962 0.923 8.50 ± 1.25 x 10" 5 
4.0 1 3.87 28 1.94 ± 0.37 1.50 0.962 0.923 2.58 ± 0.49 -
5.0 1 4.96 12 8.31 ± 0.24 x 10" 6 1.06 • 0.962 0.923 7.82 ± 2.26 x 10" 6 
6.5 2 • 6.58 6 2.08 ± 0.85 1.00 0.963 0.923 T.85 ± 0.76 
9.0 3 9.29 4 9.24 ± 4.62 x 10" 7 1.00 0.964 0.923 8.22 ± 4.11 x 10" 7 














Rate i n M.A.R.S. 
(Uncorrected) 







Rate in M.A.R.S. 
(Corrected) 
Events- Sec - 1 Particle"! 
1.0 1 0.62 785 5.44 ± 0.19 x 10-4 23.95 0.516 0.923 6.21 ± 0.22 x 10-3 
2.0 1 1.71 482 3.34 ± 0.15 7.54 0.742 Q.923 1.73 ± 0.08 
3.0 1 2.79 335 2.32 t 0.13 3.00 0.968 0.923 4.22 ± 0.35 x 10" 4 
4.0 1 3.87 244 1.69 ± 0.10 1.50 0.970 0.923. 2.27 ± 0.13 
5.0 1 4.96. 162 1.12 ± 0.09 1.06 0.972 0.923 1.07 ± 0.0? 
6.0 1 6.04 107 7.41 ± 0.72 x 10" 5 1.00 0.975 0.923 6.67 ± 0.65 x 10" 5 
7.0 1 7.12 88 6.10 ± 0.65 1.00 0.977 0.923 5.50 ± 0.59 
8.0 1 8.21 70 4.85 ± 0.58 1.00 0.979 0.923 4.38 ± 0.52 
9.5 2 9.83 77 2.67 1 0.30 1.00 0.983 0.923 2.42 ± 0.28 
15.5 10 14.33. 103 7.04 ± 0.70 x 10" 6 1.00 0.986 . 0.923 6.40 ± 0.64 x 10" 6 
25.5 10 27.16 13 9,01 ± 2.50 x 10" 7 1.00 0.993 0.923 8.26 ± 2.29 x 10" 7 
35.5 10 38.00 1 6.93 ± 6.93 x 10" 8 1.00 0.966 0.923 6.37 ± 6.37 x 10" 8 
MUONS • 3989 
TOTAL 6456 










Rate i n M.A.R.S. 
' (Uncorrected) 







Rate in M.A.R.S. 
(Corrected) 
Events Sec"' Particle" 1 
1.0 1 0.62 123 8.52 ± 0.77 x 10' 5 23.95 0.592 0.923 1.11 ± 0.10 x 10" 3 
2.0 1 1.71 85 5.89 ± 0.64 7.54 0.780 0.923 3.20 ± 0.35 x 10" 4 
3,0 1 2.79 88 6.10 ± 0.65 3.00 0.972 0.923 1.64 ± 0.17 . 
4.0 1 3.87 63 4.36 ± 0.55 1.50 6.974 0.923 5.88 ± 0.74 x 10" 5 
5.5 2 5.50 66 2.29 ± 0.28 1.02 0.981 0.923 2.12 ± 0.26 
7.5 2 7.66 50 1.73 ± 0.25 1.00 0.983 0.923 1.57 ± 0.23 
9.5 2 9.83 29 1.00 ± 0.19 1.00 0.988 0.923 9.12 ±.1.70 x 10" 6 
15.5 10 16.33 . 51 3.53 ± 0.50 x 10"6 1.00 0.992 0.923 3.23 ±0.46 
25.5 10 27.16 10 6.93 ± 2.19 x 10" 7 1.00 0.996 0.923 6.37 ± 2.01 x 10" 7 
35.5 10 38.00 5 3.46 t 1.55 1.00 0.997 0.923, 3.13 + 1.42 
45.5 10 48.83 2 1.39 ± 0.98 1.00 0.998 0.923 1.28 ± 0.90 
MUONS 453 
TOTAL . 1025 
TABLET CcDiuTiwue-b) 
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Rate i n H.A.R.S. 
(Uncorrected) 







Rate in H.A.R.S. 
(Corrected) 
Events Sec"1 Particle" 1 
1.0 1 0.62 14 9.70 ± 2.59 x 10" 6 23.95 0.687 0.923 1.47 ±0.39 x 10' 4 
2.0 1 1.71 11 7.62 ± 2.30 7.54 0.827 0.923 4.40 ± 1.32 x 10" S 
3.6 2 3.33 20 6.93 ± 1.55 2.05 0.977 0.923 1.28 ±0.29 
5.5 2 5.50 8 2.77 i 0.98 1.02 0.982 0.923 2.56 ± 0.91 x 10" 6 
8.5 4 8.75 15 2.60 ± 0.67 1.00 0.988 0.923 2.37 ± 0.61 
20.5 . 20 21.75 11 3.81 ± 1.15 x 10" 7 1.00 0.995 0.923 3.50 ± 1.05 x 10"7 
50.5 40 54.25 6 1.21 ± 0.46 1.00 0.998 0.923 1.12 ± 0.42 
HUONS 33 
TOTAL 118 
LEVEL: 1 ENERGY RANGE: > 604 GeV TYPE Interaction Run Data 
2.0 3 1.71 - 7 1.62 ± 0.61 X 10" 6 .7.54 0.873 0.923 9.85 ± 3.71 x 10"6 
7.0 7 7.12 6 ... 5.94 ± 2.42 x 10" 7 1.00 0.987 0.923 5.41 ± 2.21 x 10" 7 




LEVEL: ENERGY RANGE: > 7 GeV TYPE: Interaction Run Data 
Flash Tube Cell Corrected 




Rate i n M.A.R.S. 
(Uncorrected) 
Events Sec - 1 Particle"! 
Discriminator 4X Knock-On Cell Width 
Correction Correction Correction 
Rate in M.A.R.S. 
(Corrected) 
Events Sec"l Particle"! 
1.0 1 1.36 590 4.26 ± 0.18 x 10" 4 24,78 0.474 0.627 3.14 ± 0.13 x 10" 3 
2.0 1 2.95 461 3.33 ± 0.16 4.19 0.969 0.627 8.48 t 0.40 x 10' 4 
3.0 1 4.55 344 2.48 ± 0.13 1.46 0.971 0.627 2.20 ± 0.12 
4.0 1 6.14 240 1.73 ± 0.11 1.02 0.975 0.627 1.08 ± 0.07 
5.0 1 7.73 147 1.06 0.09 1.00 0.979 0.627 6.51 ± 0.55 x 10" 5 
6.0 ' 1 . 9.33 112 8.09 ± 0.76 x 10" 5 1.00 0.983 0.627 4.99 ± 0.47 
7.0 1 10.92 67 4.84 ± 0.59 1.00 0.985 0.627 2.99 t 0.36 
8.0 1 12.52 45 3.25 ± 0.48 1.00 0.987 0.627 2.01 ± 0.30 
9.5 2 14.91 66 2.38 ± 0.29 1.00 0.989 0.627 1.48 ± 0.18 
15.5 10 24.47 77 5.56 ± 0.63 x 10" 6 1.00 0.994 0.627 3.47 t 0.40 x 10" 6 
25.5 10 40.41 • 10 7.72 t 2.28 x 10" 7 . 1.00 0.997 0.627 4.52 ± 1.43 x 10" 7
40.5 20 - 64.31 8 2.89 ± 1.02 1.00 0.998 0.627 1.81 ± 0.64 
HUONS 749 
TOTAL 2916 










Rate 1n M.A.R.S. 
(Uncorrected) 







Rate in M.A.R.S. 
(Corrected) 
Events Sec-1 Particle"! 
\ 
1.0 1 1.36 125 9.03 ± 0.81 x 10" 5 24.78 0.439 0.627. 6.16 ± 0.55 x 10" 4 
2.0 1 2.95 92 6.64 ± 0.69 4.83 0.965 0.627 1.94 t 0.20 
3.0 1 4.55 79 5.71 1 0.64 1.46 0.967 0.627 5.06 ± 0.57 x 10" 5 
4.0 1 6.14 43 3.11 ± 0.47 1.02 0.969 0.627 1.93 ± 0.29x 10" 5 
5.0 1 7.73 27 1.95 ± 0.38 1.00 • 0,972 0.627 Til9 ± 0.23 
6.0 1 1 9.33 15 1.08 i 0.28 1.00 0.975 0.627 6.60 ± 1.71 x 10" 6 
7.0 1 10.92 12 8.67 ± 0.25 x 10" 6 1.00 0.977 0.627 5.31 i 1.53 
9.0 3 . 14.11 10- . 2.41 ± 0.76 1.00 0.981 0.627 1.48 + 0.47 














Rate i n M.A.R.S. 
(Uncorrected) 







Rate In M.A.R.S. 
• (Corrected) 
Events Sec-1 Particle" 1 
1.0 1.36 371 2.86 ± 0.14 x 10" 4 24.78 0.485 0.627 2.16 ± 0.11 x 10" 3 
2.0 1 2.95 273 1.97 ± 0.12 4.83 0.969 0.627 5.78 ± 0.35 x 10" 4 
3.0 1 4.55 216 1.56 ± 0.11 1.46 0.972 0.627 1.39 ±0.10 
4.0 1 6.14 150 1.08 10.09 1.02 0.976 0.627 4.74 ± 0.56 x 10" 5 
5.0 • 1 7.73 96 6.93 ± 0.71 x 10" 5 1.00 0.980 0.627 4.26 ± 0.44 
6.0 1 9.33' 74 5.34 i 0.62 1.00 0.983 0.627 3.29 ± 0.38 
7.0 1 ' 10.92 47 3.39 ± 0.50 1.00. 0.985 0.627 • 2.09 ± 0.31 
8.0 1 12.52 30 2.17 t 0.40 1.00 0.986 * 0.627 1.34 ± 0.24 
9.5 2 ' 14.91 50 1.81 ± 0.26 ' 1.00 0.988 0.627 1.12 ±0.16 
15.5 10 24.47 - 53 3.83 ± 0.53 x 10" 6 1.00 0.993 0.627 2.38 ± 0.33 x 10" 6 
36.5 20 48.38 7 2.53 ± 0.96 x 10" 7 1.00 0.996 0.627 . • 1.58 ± 0.60 x lO" 7 
KUONS . 444 
TOTAL 1811 










Rate 1n M.A.R.S. 
(Uncorrected) 







Rate i n M.A.R.S. \ 
(Corrected) 
Events Sec-1 Particle-1 
1.0 1 1.36 81 5.85 ± 0.65 x 10" 5 24.78 0.556 0.627 5.05 ± 0.56 x 10" 4 
2.0 1 2.95 82 5.92 ± 0.65 • 4.83 0.972 0.627 1.74 ± 0.19 
3.0 1 4.55 44 3.18 ± 0.48 1.46 0.976 0.627 2.84 ± 0.43.x 10" 5 
4.0 1 6.14 38 2.74 ± 0.45 1.02 0.980 0.627 1.71 ± 0.28 
5.5 2 8.53 41 1.48 ± 0.23 1.00 0.985 0.627 9.14 t 1.42 x 10" 6 
7.5 2 11.72 15 5.42 ± 1.40 x 10" 6 1.00 0.989 0.627 3.36 ± 0.87 
9.5 2 14.91 11 3.97 +1.20 1.00 0.991 0.627 2.47 ± 0.75 
15.5 10 24.47 • 12 8.67 ± 2.50 x 10"7 1.00 0.996 0.627 5.4V ± 1.56 x 10' 7 
25.5 10 40.41 5 3.61 ± 1.61 1.00 0.997 0.627 2.26 ± 1.01 















Rate i n M.A.R.S. 
(Uncorrected) 
Events Sec-l Particle-1 
Discriminator 
Correction 
4 1 Knock-On 
Correction cen width
 RaVrJ; " t d R ; s -
Correction E v e J£ cTp^ 1 c l e-l 
1.0 1 1.36 10 7.22 ± 2.28 x 10" 6 24.78 0.653 0.627 7.32 ± 2.31 x 10~ 5 
2.0 . 1 2.95 13 9.39 ± 2.60 4.83 0,976 0.627 2.78 ± 0.77 
3.5 2 5.34 10 3.61 ± 1.14 1.13 0.981 0.627 2.51 ± 0.79 x 10' 6 
5.5 2 8.53 5 1.81 1 0.81 1.00 0.987 0.627 1.12 ± 0.50 
8.5 . 4 13.31 3 5.42 ± 3.13 x 10" 7 " 1.00 0.991 0.627 3.37 ±. 1.95 x 10" 7 
25.5 30 40.41 5 1.20 ± 0.54 1.00 0.998 -0.627 7.51 ± 3.37 x 10" 8 
HUONS 9 
TOTAL 55 
LEVEL 3 ENERGY RANGE: > 604 GeV TYPE: Interaction Run Data 
1.0 1 1.36 3 2.16 ± 1.25 x 10" 6 24.78 0.751 0.627 2.52 ± 1.46 x 10" 5 




7.5 THE COMPARISONS OF THE RESULTANT BURST SPECTRA 
The experimental burst spectra are presented in Figures 7.5 to 
7.10 with the theoretical spactra incorporating Furry fluctuations. 
The experimental points have been obtained by combining the i n t e r -
action run data and the a l l events data by weighting each point by 
the errors on that point, where the error was a combination of s t a t -
i s t i c a l and systematic errors. Neither the experimental points nor 
the theoretical curves have been normalized. I t can be seen that 
the theoretical and experimental spectra agree over a l l the energy 
ranges selected. 
I n order to compare the experimental r e s u l t s with the various 
interaction processes sOTas-of the experimental points have been div-
ided by the t h e o r e t i c a l l y expected r e s u l t i n various energy ranges 
and energy transfers where different interaction processes should 
dominate. The t o t a l spectrum (E > 7 GeV) has been used to i l l u s t -
rate the comparison for the knock-on and bremsstrahlung processes. 
The spectra for muon energies > 204 GeV have been used to i l l u s t r a t e 
the comparison for the d i r e c t pair production process. These 
r e s u l t s are presented i n Figures 7.11 and 7.12. The errors presented 
incorporate not only the s t a t i s t i c a l and systematic error on the 
experimental points but also the estimated error i n the theoretical 
burst spectra 33%). The dividing l i n e between the processes has 
been obtained from Figure 6.4 and the r e s u l t of Section 6.2.3. The 
approximate mean energy transfers have been taken from calculations 
performed i n Section 6.3.1, i . e . there i s on average about 1 GeV 
energy transferred per observed p a r t i c l e . As can be seen, within 
the-errors of t h i s experiment the experimental r e s u l t s agree with the 
theo r e t i c a l l y predicted ones. 
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FIGURE 7.S. FIGURE 7.6 
The resultant experimental and theoretical burst spectra as observed 
at the measuring levels in the MRS spectrograph. 
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FIGURE 7.7 FIGURE 7.8, 
The resultant experimental and theoretical burst spectra as 
observed at the measuring levels in the MARS spectrograph. 
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FIGURE 7.9 FIGURE 7.10 
The resultant experimental and theoretical burst spectra as 
















Burst size (particles) 
approximate mean energy transfer (GeV) 
FIGURE 7.11. A comparison between tine experimental and theoretical 
results for muons of energy > 7 GeV where the. knock-on process and 
bremsstrahlung processes are dominant. The errors include statistical 
errorsi systematic errorst and errors in the theory. 
LEVEL 1 J 2 ( U G E V < E | J < 6 0 * GeV-e 
lEn<604 GeV-0 





















. Burst size (particles) 
approximate mean energy transfer (GeV) 
100 
FIGURE 7.12. A comparison between the experimental and theoretical 
results for muons of energy > 204 GeV where the direct pair production 
and' bremsstrahlung processes are dominant. The errors include 
statistical errors, systematic errors, and errors in the theory. 
- 128 -
A b r i e f comparison has been made with previous experiments 
(see Section 1.3.3 and Figures'1.2, 1.3 and 1.4). The following 
observations have been made. 
1. Some experiments studying the knock-on process have 
found disagreement with the theory of Bhabha i n the region of 1 to 
20 GeV energy transfers, p a r t i c u l a r l y those r e s u l t s of Neddermeyer 
et a l . (.1961) and Kearney et a l . (1965,1972). The results of this 
experiment which predominantly studies that region of energy trans-
f e r disagree with their r e s u l t s and find no si g n i f i c a n t deviations 
from the Bhabha theory. 
2. While studying the bremsstrahlung process some experimenters 
have found disagreement with the theory at energy transfers of 100 
to 10000 GeV.. However, i n the region tested by this experiment 
(energy transfers of 10-60 GeV), a l l the previous experiments have 
found no deviation from theory. This experiment supports that 
conclusion. I t can be noted, however, that the 55 GeV point i s 
not inconsistant with an increase i n the cross-section as found by 
Nagano et a l . (1970), Matano et a l . (1968) and Alexander et a l . 
(1968). 
3. Some previous experiments studying the direct pair product-
ion process have found the theoretical predictions to be high. 
I n the energy transfer region studied i n this experiment, which 
r e a l l y covers a l l previous experiments due to the integral nature 
of the observations, there i s no support for a deviation from the 
theory as calculated, although the errors presented by this experi-
ment are large. 
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7.6 CONCLUSIONS FROM THE BURST SVECTRUM STUDY 
Based on the r e s u l t s obtained from this analysis, i t i s concluded 
that, within the experimental errors of the experiment, the muon 
cross-sections are as predicted and that the muon behaves as expected 
using quantum electrodynamics. 
An implication i s that the cross-sections discussed and c a l c -
ulated i n Chapter 2 have not been found to be i n disagreement with 
the experimental r e s u l t s . ' I t i s believed that the calculated results 
given i n Appendix A are useable i n future experiments studying 
muons i n iron. For example, they should be useful to calculate any 
burst correction required i n the high momentum sea-level spectrum 
experiment. I t i s also believed that the energy loss by muons i n 




The objectives of t h i s experiment have been: 
1. to study, the interaction probabilities of positive and negat-
ive muons to determine the magnitude of an interaction asymmetry, 
should i t be found to e x i s t , 
and 
2. to produce a set of experimental and theoretical burst spectra 
i n iron over a range of muon energies and to compare them with one 
another i n an attempt to find possible disagreement with the cross-
sections as predicted by quantum electrodynamics. 
For the production of the theoretical burst spectra, the var-
ious theoretical interaction cross-sections have been studied 
(Chapter 2) and the ones considered to be the best have been calcu-
lated and are i n tabular form i n Appendix A. Based on these cross-
sections the energy loss i n iron has been calculated (Section 6.2.2). 
With the use of the Ivanenko-Samusudov shower development curves, 
a s e r i e s of theoretical burst spectra have been calculated and are 
presented i n Tables 6.2, 6.3, 6.5 and 6.6. 
I n the experimental study, the MARS spectrograph which i s cap-
able of measuring energies i n excess of 5 TeV, has been used to 
c o l l e c t a t o t a l of 22727 events. The majority of these events 
contain a burst at one of the experimental l e v e l s . These events 
have been analyzed to see i f they support an interaction charge asym-
metry using three different methods (Chapter 5 ) . A l l three methods 
produce no evidence of a charge asymmetry. The overall charge asymmetry 
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of the cross-section of positive muons to that of negative muons 
i s 1.020 ± 0.032, with no disagreement with unity over a large 
range of energy transfers 1-20 GeV). The interaction asymmet-
r i e s seen by Neddermeyer et a l . (1961,1965,1967), Sheldon et a l . 
(1973), and Ayre et a l . (1970) are believed to be systematic. The 
asymmetry i f Allkofer-et a l . (1971) i s very probably s t a t i s t i c a l in 
the l i g h t of the most recent Allkofer r e s u l t (Allkofer 1974). 
A s e r i e s of experimental burst spectra over several muon energy 
ranges have been determined (Chapter 7) and compared with the 
theoretical spectra. There i s agreement over a l l energy ranges 
and over a l l regions where par t i c u l a r cross-sections are dominant. 
In p a r t i c u l a r , these r e s u l t s disagree with the results of Neddermeyer 
et a l . (1961) and Kearney et a l . (1973) who found disagreement with 
the knock-on cross-section for energy transfers of 1-20 GeV. 
I t has been concluded from t h i s study that the electromagnetic 
cross-sections, as they are now known, are i n agreement with the 
experimental r e s u l t s obtained here. Based on this conclusion the 
theoretical r e s u l t s ( i . e . numerical cross-sections, energy loss and 
numerical burst spectra) can be used with confidence. 
Quantum electrodynamics does not predict an interaction asymmetry, 
and i t i s the basis for a l l the electromagnetic cross-sections used 
i n the theoretical calculations. A l l of the results obtained i n 
t h i s experiment agree with QED predictions. The muon, therefore, 




TABLES OF THE INTERACTION PROBABILITIES OF UUONS IN IRON 
This appendix contains.seventeen tables of the d i f f e r e n t i a l cross-
section for muons i n iron (Z = 26) calculated using the formulae and 
other c r i t e r i a specified i n Chapter 2. * The cross-sections are of 
the form a(E ,E )dE , where a i s the cross-section, E i s the muon . yi t t ]x 
energy, and E t i s the energy transferred i n the interaction. The 
tables extend over the energy range 1 GeV• E^ _< 10 TeV. Each table 
contains energy transfers E„_.T < E,. < E„.„, where E w_„ and E...„ are 
MIN — t — MAX MIN MAX 
defined as follows. 
(a) For the knock-on process: 
EMIN = 1 0 M e V 
EMAX = t^ 1 6 m a x " n u m transferable energy (see Equation 2.6) 
(b) For the bremsstrahlung process: 
EMIN " 1 0 M e V 
EMAX = E y ~ 0 , 3 8 7 0 G e V ( s e e E q u a t i - o n 2.14) 
(c) For the d i r e c t pair production process: 
EMIN = 1 0 M e V 
E „ A W = E - 0.038 GeV (see Equation 2.27) 
M A X y 
(d) For the photonuclear process: 
E.,T„ = ^ 100 MeV (y the pi on rest mass) MIN 
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E „ A W = E - 0.4635 GeV (see equation 2.45) 
M A X y 
For each muon energy and energy transfer, data for the following cross-
sections are given i n columns 3 to 8 of the tables respectively. 
1. The knock-on (K0) cross-section, a , 
K.U 
2. The bremsstrahlung (BREM) cross-section, 0 , 
JJKhM. 
3. The dire c t pair production (DPP) cross-section, °jjpp» 
4. The photonuclear (PN) cross-section, a p ^ , 
5. The to t a l electromagnetic cross-section, i . e . 0 n + o" „ + 0,™,, 
6. The to t a l cross-section, i . e . a R Q + c r B R E M + a D p p + a p N -
-1 2 -1 
A l l cross-sections are given i n units of 'target p a r t i c l e s gm cm Gev 
V1SCUSSI0N OF UNITS 
I n general cross-sections are stated i n one of two units, either 
2 - 1 2 i n 'cm ' or i n 'gm cm '. These units are somewhat ambiguous since 
some of the dimensions are assumed to be i m p l i c i t l y understood, partly 
because s t r i c t l y speaking they are not dimensions. When a quantity 
such as cycle, p a r t i c l e , number, etc. i s i n the units of a quantity, 
i t i s often l e f t out of the physical notation. For exampleA(X)is 
stated i n 'cm' instead of 'cm cycle ', ( j ) i s stated i n 'sec' instead 
-1 -1 -2 -1 of 'sec cycle ', the muon spectrum i s stated i n 'sec cm sr 
GeV/c ^', instead of 'muons sec ^ cm ^ sr * GeV/c ^'. For the sake 
of c l a r i t y and understanding the complete units have been used i n this 
appendix. 
2 2 The cross-section i n 'cm ', i f i t appeared, would read 'cm 
p a r t i c l e s atom i . e . for the knock-on process the units would read 
2 - 1 2 *cm electrons atom '. For th i s reason a cross-section i n 'cm ' 
- 1 3 4 
i s given, often c a l l e d the atomic cross-section (Rossi, 1 9 5 2 ) . The 
- 1 2 
cross-section i n 'gin cm ' reads i n t h i s appendix as 'target p a r t i -
- 1 2 , . 
c l e s gm cm ( i . e . for the knock-on process the units are 'electrons 
- 1 2 , gm cm ) . 
The cross-sections have a l l been calculated i n the l a t t e r units 
for ease of use. For example, the probability, <f>, of a knock-on 
electron emerging from a material of density, p, and thickness, t, i s 
simply • 
$ = a R O p t , (A.l) 
2 
I f i t i s required to use the cross-section in 'cm ' instead of 
- 1 2 
'gm cm * the conversion i s 
a(cm 2 GeV"1) = — a ( g m - 1 cm2 GeV l ) ( A . 2 ) 
d 
where 
A i s the atomic weight (for iron A = 5 5 . 8 5 ) , 
2 3 - 1 
N q i s Avagardo's number ( 6 . 0 2 4 7 2 x 1 0 atom mole ) , 
A / N Q = 9 . 2 7 0 x l O - 2 3 gm atom"1 (for iro n ) . 
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APPENDIX B 
THE FOUR-MOMENTUM TRANSFER SQUARED ( q 2 OR t) 
The four-momentum transfer squared (referred to as t, where 
t = |q |) i s a very useful quantity i n the description of any int e r -
action process because i t i s Lorentz invariant. I n the brerasstrah-
lung and direc t pair production processes discussed i n Chapter 2, 
the integration over the variable t was performed by the authors of 
the theories and formulae. However, i n the photonuclear process the 
integration had to be performed numerically by thi s worker. 
Consider Figure B.l where a muo'n of momentum P and energy E 
t r a v e l l i n g along the x-axis, i n t e r a c t s with a nucleon v i a a photon 
exchange, and i s scattered i n the x-y plane at an angle 0. 
y 
En, Pn 
FIGURE B.l. Muon scattering by photoproduation. 
* 16X -
The. four-momentum (P^c) before c o l l i s i o n i s • 
P 4c = <P uc,0,0;iE y) (B.l) 
and the four-momentum (P^c) a f t e r the c o l l i s i o n i s 
P'c = (P'c.cos 0,P'c.sin 0,0,iE') . (B.2) 
Therefore, the four-momentum transferred i s 
q. - P.c - P.'c = (P c -. P'c.cos 0,-P'c.sin 0,0,i(E - E ' ) ) . (B.3) H 4 4 y y ' y * ' y y 
I f Equation B.3 i s squared, i t - g i v e s t or the four-momentum transfer 
squared. 
|q 2| = |(P c - P i e c e s 0 ) 2 + (P^c.sin 0 ) 2 
- ( E y - E y l ) 2 | (B.4) 
which reduces to 
t = |q 2| = I2E E' - 2M 2c 4 - 2P c.P'c.cos 0| (B.5) • n 1 1 y y y y 1 
2 
where Mc i s the muon r e s t mass. 
t i s often referred to as the mass of the v i r t u a l photon and can be 
either space-like or time-like. The minimum t w i l l occur when 0 = 0 , 
the case of forward scattering. I f i n Equation B.5, 0 i s set equal 
2 
to zero and i t i s assumed that (E'/Mc ) » 1, then i t i s simple to obtain the minimum t. 
2 4 2 
M c E t (B.6) 
MIN E y ( E y - E t ) 
where E f c = E y - E'. 
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